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Abstract 
This study looked at the problem of constructed wetlands deviating from their initial design 
parameters to the detriment of treatment performance, in the context of a contemporary storm 
water treatment wetland in Perth, Western Australia. The study investigated the system 
components and internal process management of the wetland, and their impact on its capacity to 
remove nutrients and contaminants from urban stormwater over a seven year period. It found 
that a designed feature of the wetland, specifically permanent inundation, compromised the 
ability of the wetland to accommodate inputs of organic material and sulfate, resulting in 
intensified substrate reduction. Strongly reduced sediments containing dissolved sulfides and 
other phytotoxins accumulated to concentrations sufficient to cause vegetation dieback; and the 
cover and health of the emergent macrophytes within the wetland declined dramatically. Loss of 
emergent macrophytes coincided with changes in nitrogen removal, not in the reduction of nitrate 
but in the increase of ammonium, consistent with the increasingly reduced conditions. There was 
not a significant change in phosphorus removal, perhaps suggesting that phosphorus removal 
was primarily through physical means (sedimentation) rather than chemical. It was considered 
that the broadscale deoxygenation of the wetland was detrimental both to its nutrient removal 
capacity and biodiversity attributes. Applying active adaptive management, a trial was conducted 
involving manipulation of inundation depths, such that redox potentials were increased in a 
passively aerated treatment. The growth of the emergent macrophyte species Baumea 
articulata was demonstrated to improve significantly within this treatment, suggesting a similar 
modification to the hydraulics of the wetland could improve emergent macrophyte growth. The 
importance of macrophytes to treatment processes is well established and so this modification is 
expected to improve the water treatment function of the wetland. The study successfully 
demonstrated that the design of urban constructed wetlands must be site specific and adaptive 
to ensure specific ecosystem services, such as water treatment, are maintained.  
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1 Introduction  
Wetlands provide a wide variety of ecosystem services, including food and fibre production, amenity, 
recreation, water treatment and flood attenuation (Ramsar 2010). As natural wetlands are removed 
to make way for urban development, artificial wetlands have increasingly been constructed to 
provide some of these services (Brix 1994, Vymazal 2010b, Yu et al. 2013). In urban areas, 
constructed wetlands are commonly used to treat contaminants from stormwater (Cole 1998, 
Vymazal 2010b, Choi et al. 2014). These stormwater treatment wetlands are recognised as being 
particularly effective in the removal of nitrogen and organic compounds (Brix 1994, Kadlec et al. 
2000), and can provide treatment for a variety of other contaminants including phosphorus, 
suspended solids, metals, hydrocarbons, acids, pharmaceuticals and faecal coliforms (Kadlec and 
Wallace 2008b). This treatment is important for maintaining healthy urban environments, as it can 
help to combat eutrophication and the pollution of receiving water bodies (Davies et al. 2001b). 
 
Figure 1: Conceptual model for the treatment of stormwater contaminants by a constructed wetland (adapted from 
Ramsar (2010)). 
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To treat stormwater contaminants, constructed wetlands take advantage of a variety of natural 
ecological processes that occur in wetland ecosystems, including microbial metabolism, physical 
filtration, sedimentation, precipitation, volatilisation, adsorption and direct uptake by plants (Kadlec et 
al. 2000, Gude et al. 2013). These processes result from the complex interaction of a wetland’s 
physical, chemical and biological components (Thullen et al. 2005). Primarily, treatment occurs due 
to the effects of microbial metabolism, through which many nutrients and contaminants are 
consumed or transformed (Kadlec et al. 2000, Xu et al. 2013). Wetland vegetation is considered 
important in facilitating treatment due to the ability of wetland plants to modify the physical and 
biogeochemical conditions within a wetland, which can increase the variety and effectiveness of the 
treatment processes that occur (Brix 1997). Due to the important influence of these biological 
components, the treatment of contaminants by constructed wetlands is largely understood to be 
biologically mediated (Faulwetter et al. 2009, Gude et al. 2013). 
The efficiency with which a constructed wetland removes contaminants from stormwater is 
influenced by many factors, including design parameters and system inputs (Kadlec and Wallace 
2008b, Wang et al. 2014). Important design considerations include the type and diversity of 
vegetation selected, seasonal effects (e.g. temperature or flow), and operational settings, such as 
feeding mode, hydraulic loading rates and retention time (Chen 2011, Mangangka et al. 2013, Larm 
and Alm 2014, Wang et al. 2014). In urban catchments, stormwater flow and contaminant 
concentration can be highly variable, and this can affect treatment performance. As a result, 
expectations for contaminant removal are generally lower for stormwater systems than other 
applications of constructed wetlands where inputs can be more easily regulated, such as in the 
treatment of secondary or tertiary wastewater (Kadlec et al. 2000). 
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Nevertheless, the design of stormwater treatment wetlands may aim to promote specific treatment 
processes and optimise contaminant removal efficiency. Due to the uncertainty surrounding 
contaminant inputs in urban settings, correctly identifying the design parameters required to 
engineer specific treatment outcomes can be challenging.  Successful designs must be correctly 
scaled, avoid hydraulic failure and provide adequate habitat for the biological components critical to 
contaminant treatment (Larm and Alm 2014, Wang et al. 2014).  Design capacity must also 
accommodate, as far as is practical, the prevailing contaminant inputs to a system. Where inputs are 
different than anticipated, or are in excess of the capacity planned for during design, impacts to 
system components and treatment processes can occur (Thullen et al. 2005).  These unplanned 
changes may be significant and long lasting, and impair a constructed wetland’s utility as a 
stormwater treatment system.  
This study looked at the problem of unplanned changes occurring in constructed wetlands to the 
detriment of treatment performance, in the context of a stormwater treatment wetland in Perth, 
Western Australia. It compared the intended design with the current condition of the system and how 
this has affected the structural components of the wetland and treatment processes. It applies active 
adaptive management (Allan 2007) as a best practice model for optimising treatment performance in 
a constructed wetland.  
1.1 The importance of biota to wetland treatment processes  
The treatment of stormwater contaminants by constructed wetlands is closely tied to microbial 
activity and the carbon, nitrogen and sulfur cycles (Faulwetter et al. 2009). The decomposition of 
organic material by microbes results in the consumption or transformation of many stormwater 
contaminants (Davies et al. 2001a). Central to this is the availability of oxygen within a wetland’s 
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waters and sediments. Anaerobic (deoxygenated) conditions are a defining feature of wetland 
ecosystems, where biotic respiratory requirements commonly exceed the rate of oxygen supply 
(Reddy and DeLaune 2008). Microbial metabolism is a significant biotic factor influencing oxygen 
demand and whether aerobic (oxygenated) or anaerobic conditions prevail. The maintenance of 
aerobic or anaerobic conditions has a significant bearing on the types and rates of treatment 
processes that occur within constructed wetlands (Davies et al. 2001a, Reddy and DeLaune 2008, 
Vymazal 2010b). 
During respiration, microbes induce a transfer of electrons from an organic compound (typically) to 
an electron acceptor of a lower redox state, and use the energy differential for growth and 
reproduction (Faulwetter et al. 2009). In aerobic respiration, oxygen is used as the electron acceptor, 
which yields a relatively large amount of energy (Reddy and DeLaune 2008). In the absence of 
oxygen, facultative and obligate anaerobes may obtain energy through fermentation, or utilise 
alternative electron receptors during anaerobic respiration (Reddy and DeLaune 2008). The major 
alternative receptors utilised in anaerobic respiration include, in decreasing order of energy yield, 
oxidised forms of nitrogen, manganese, iron, sulfur and carbon. Microbes will preferentially consume 
the highest energy yielding oxidants first, which theoretically, leads to a sequential decrease in 
oxidation-reduction (redox) potential over time (Reddy and D’Angelo 1994).   
The treatment of organic contaminants may involve a series of stages wherein various microbes 
break down complex organic compounds into simpler molecules. The decomposition of organic 
compounds is most rapid in aerobic environments, where redox potentials are between 300mv and 
700mv (Faulwetter et al. 2009). Under anaerobic conditions (redox <300mv) decomposition is 
slower, occurring through fermentation and anaerobic respiration, which leads to the accumulation of 
carbon that is typical within wetland soils (Mitsch and Gosselink 2007). As a consequence, the 
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treatment of organic compounds from stormwater may involve sequestration within sediments as 
well as the return of carbon to the atmosphere.  Primarily, carbon is returned to the atmosphere as 
carbon dioxide (CO2) (Reddy and DeLaune 2008). However, at redox potentials between -350mv 
and -100mv methanogenesis can occur, where CO2 is used as an electron receptor leading to the 
release of methane (CH4) (Reddy and DeLaune 2008). The subsequent formation of various organic 
compounds also allows the adsorption and complexation of other contaminants, such as phosphorus 
and metals, leading to their treatment and potentially long term storage within sediments (Reddy and 
DeLaune 2008).   
Two important transformations of nitrogen occur in wetlands as a result of microbial activity, referred 
to as nitrification and denitrification. Nitrification is an aerobic process occurring at redox potentials 
between 300mv and 700mv, that involves the oxidation of ammonium (NH4+) to nitrite (NO2-) and the 
oxidation of nitrite to nitrate (NO3-) (Faulwetter et al. 2009). Denitrification is an anaerobic process, 
occurring at redox potentials of between 100mv and 350mv, where NO3- is reduced and returned to 
the atmosphere as inert nitrogen gas (N2) (Faulwetter et al. 2009). The processes of nitrification and 
denitrification are key components of the nitrogen cycle and an important part of the contaminant 
treatment provided by wetlands.  
Sulfur transformations also play a critical role in contaminant removal (Wu et al. 2013). At redox 
potentials between -200mv and -100mv microbes can utilise sulfate (SO4) as an electron receptor, 
resulting in the production of hydrogen sulfide (H2S). Due to the fact dissolved sulfides (HS-/S2-) will 
readily react with many metals, sulfur reduction can enable the precipitation and retention of a wide 
range of metal contaminants (Faulwetter et al. 2009). Similar to the role of organic material, the 
precipitation of sulfides provides a pathway for the treatment and long term storage of stormwater 
contaminants within wetland soils (Wu et al. 2013).  
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The incorporation of wetland plants, often referred to as macrophytes (literally large plants), has 
been demonstrated to improve contaminant removal by constructed wetlands (Vymazal 2010a). 
Macrophytes, including floating, submerged or emergent types, perform a number of important roles 
such as providing physical structure, organic carbon and oxygen for use by microbes, reducing 
erosion, promoting sedimentation and directly assimilating nutrients and contaminants (Brix 1997, 
Cronk and Fennessey 2001). However, probably the greatest influence of macrophytes on 
contaminant removal results from root zone oxygen release (Cronk and Fennessey 2001, Faulwetter 
et al. 2009). Many reduced compounds present in anaerobic wetland waters and soils can be toxic 
to plants. To buffer the effect of these toxins, macrophytes release a portion of the oxygen 
transferred to their root system into the rhizosphere (root zone) (Cronk and Fennessey 2001). This 
release of oxygen results in a mosaic of aerobic zones within the anaerobic soil matrix, which 
significantly increases the diversity of microbial assemblages and hence the range of treatment 
processes that occur (Faulwetter et al. 2009). 
1.2 The need for adaptive management 
In constructed wetlands, system components may be designed and, if desired, an attempt may be 
made to control internal processes to target the removal of specific contaminants. However, real 
world budget constraints often limit the scale and ambition of stormwater treatment projects. 
Furthermore, in urban contexts the capacity of a constructed wetland is often constrained by the 
physical environment, including the area of land available and the water levels required for flood 
conveyance (Lloyd et al. 2001, Hanaki 2008, Merriman and Hunt 2013). There is also often little 
scope to substantially influence the type of contaminants entering an urban drainage system (Wong 
and Geiger 1997), and so stormwater will typically contain a wide range of pollutants including 
nutrients, metals, hydrocarbons, organic material and litter (gross pollutants) (Beck and Birch 
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2012a). The type and quantity of contaminants can also vary significantly over time, being delivered 
by rain driven flushes (Taylor et al. 2005, Beck and Birch 2012b) or, in the case of groundwater 
influenced systems, as a result of concentrated base flows (Nice et al. 2009). Contaminants, and 
their by-products, may also accumulate in drainage sediments ready to be mobilised during flow 
events leading to concentrated contaminant pulses (Fitzpatrick et al. 2008). For these reasons 
contaminant loads may often exceed the designed treatment capacity of an urban constructed 
wetland.  
Where contaminant inputs are in excess of system capacity, unplanned changes may result affecting 
the provision of ecosystem services. If contaminant loads exceed critical thresholds, degradation of 
system components may also occur (van der Putten 1997). Furthermore, despite management 
intervention, it is impossible to control all the biota that come to occupy a system, and these may 
also affect system components. Ultimately, the character of a stormwater treatment wetland will be 
determined by the interaction of its planned components, colonising biota and prevailing inputs, 
which includes elements of both design and chance.  
A detailed understanding of system inputs and the processes involved in their treatment is therefore 
essential to inform the design of stormwater treatment wetlands. However, as monitoring the wide 
range of parameters that can influence treatment can be expensive, the information available 
regarding system inputs and treatment performance will invariably include gaps. Due to this 
uncertainty, some adaptation of system design parameters may be required to optimise the 
performance of a stormwater treatment wetland. 
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Figure 2: Simple conceptualisation of an adaptive management framework (adapted from Allan (2007)). 
Adaptive management is often applied in the management of ecosystems due to their inherent 
complexity and the uncertainty surrounding what is optimal for a system (Allan 2007). In adaptive 
management the outcomes of implementation are monitored and learning is incorporated into 
planning and future management (Figure 2).  Applying adaptive management is useful in the 
operation of stormwater treatment wetlands because the impact of the varied, and often 
uncontrollable, contaminant inputs on system components can be difficult to predict. Due to the 
elevated concentration of contaminants in urban catchments, stormwater wetlands have a tendency 
to degrade. For this reason they are likely to require ongoing management in order to continue to 
provide desired ecosystem services, such as water treatment. 
1.3 Liege St. Wetland 
The Liege St. Wetland in Perth, Western Australia, is an example of a constructed wetland that 
became degraded due to an unplanned change. It was constructed in 2004 as part of a capital works 
program to mitigate eutrophication in the Swan-Canning estuary. The wetland had the specific 
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objectives of removing nutrients during low flow periods, providing flood storage capacity during high 
flows and increasing local habitat and amenity value (Syrinx 2004).    
1.3.1 Location and geographic context 
 
Figure 3: Location of Liege St. Wetland. 
The Liege St. Wetland is located in an area of public open space within the City of Canning, Western 
Australia (32°01.368' S 115°56.130' E WGS84) (Figure 3). Stormwater inflow to the system occurs 
from the Liege St. (LD), Cockram St. (CD) and Greenfield St. (GD) drains. Of these, the Liege St. 
drain has the largest catchment comprising 530 hectares (Ha) of commercial and residential land, 
and contributing the majority of stormwater inflow to the wetland. The upstream section of the Liege 
St. system consists of open drains and basins that have a significant connection to groundwater, 
acting as a groundwater interception and conveyance system. The smaller Cockram St. system 
conveys approximately 6% of stormwater inflow (GHD 2007), and has a similar urban catchment that 
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notably includes the parking area of a major retail centre. The Greenfield St. system drains a 
relatively small local catchment of roads and commercial buildings and contributes a negligible 
volume of stormwater. Being in a Mediterranean climate, peak drainage flows typically occur from 
late autumn through to early spring, while the summer is hot and dry. 
Potential acid sulfate soils (PASS) occur throughout the Perth Metropolitan area but particularly in 
areas such as the Liege St Wetland catchment underlain by Bassendean Dune system. The 
Bassendean Sands are highly leached acidic, sandy soils with humus podzol soils in topographic 
lows. They are high in iron and sulfur content and the PASS materials are extremely poorly buffered  
(Appleyard et al. 2004, Singh and Wong 2010 ).  PASS are common in sumplands near lake 
environments and along the Swan and Canning river systems. This environmental consideration was 
not specifically considered in the original design of the wetland and was a likely a significant factor in 
the wetland’s decline. This is a point of difference between Liege St wetland and other systems 
implemented across the world, and highlights the importance of considering all design parameters, 
including water quality aspects that might affect treatment of the focal attribute: nutrients. 
1.3.2 System design  
The Liege St. Wetland was designed as a surface flow wetland, fed by continuous feed (Syrinx 
2004). Surface flow wetlands are commonly applied in the treatment of stormwater as they are a 
relatively low cost option and resistant to hydraulic failure (Vymazal 2010b). In a surface flow system 
the upper layer of the water column is typically aerobic, with deeper waters and underlying 
sediments understood to operate anaerobically (Faulwetter et al. 2009, Vymazal 2010b). This makes 
surface flow wetlands particularly effective in the removal of nitrogen, as they can promote 
nitrification in the upper water column and denitrification at depth (Vymazal 2010a). When fed by 
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continuous feed the delivery of stormwater to a system is not regulated and so hydraulic loading and 
retention time can be highly variable, being directly influenced by the pattern of discharge from the 
catchment (Kadlec et al. 2000, Stein et al. 2003). 
 
Figure 4:  Initial design components for the Liege St. Wetland (Ba=Baumea articulata, Br = B. rubiginosa, Bv =B. 
vaginalis, Ea = Eleocharis acuta and Sv = Schoenoplectus validus).  
The key design components of the wetland included sixteen vegetated surface flow basins, seven 
open water ponds, submerged bunds, a sediment fore-bay, gross pollutant traps, two internal weirs 
and an outlet weir (Figure 4). The initial parameters of these components were identified from 
technical specifications for the original design (Syrinx 2004); an ‘as constructed’ survey undertaken 
by the City of Canning (2005) and vegetation mapping undertaken after emergent macrophytes were 
first planted (SERCUL 2005).  
CD Inlet 
LD Inlet 
Wetland 
Outlet 
GD Inlet 
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The vegetated basins and open water ponds extend over approximately two hectares. The basins 
and ponds were lined with clay, sourced in situ, to limit interaction with the shallow groundwater 
aquifer. The height of basin bases varied between 0.2 mAHD and 0.6 mAHD, averaging 0.37 ±0.02 
mAHD. The height of pond bases varied between -0.55 mAHD and 0.1 mAHD.  A sediment forebay 
was positioned below the Liege St. Drain (LD) inlet to capture sediments for later removal and 
disposable and gross pollutant traps were installed at each inlet.  
Two internal weirs were installed below Basin 1 and Basin 4, closest to the LD inlet, with removable 
boards to allow manipulation of water levels between 0.6 mAHD and 1.0 mAHD.  The northern 
internal weir was set at 1.0 mAHD and the southern at 0.9 mAHD to maintain a preferential ‘low flow’ 
pathway through the southern section of the wetland. The wetland outlet was controlled by a 
rectangular weir with a ‘v’ notched insert, and removable boards that also allowed manipulation of 
water levels between 0.1 mAHD and 0.6 mAHD. A sluice valve was included at the base of the outlet 
weir at a height of approximately 0.4 mAHD. However, minimum water levels were dictated by the 
adjacent river level, which had a height of approximately 0.55mAHD during summer. 
A critical aspect of the design was the planting of five native emergent macrophyte species within 
the surface flow basins, namely Baumea articulata (R.Br.) S.T.Blake, B. rubiginosa (Spreng.) 
Boeckeler, B. vaginalis (Benth.) S.T.Blake, Eleocharis acuta R.Br. and Schoenoplectus validus 
(Vahl) A.Love & D.Love (Western Australian Herbarium 2013). Emergent macrophytes are a type of 
wetland plant that are rooted in submerged soils with leaves or culms that extend through the water 
column (Cronk and Fennessey 2001). As a group, they possess a wide variety of adaptions to 
wetland environments including the ability to promote an oxidised rhizosphere, below ground energy 
storage, capacity for fermentative metabolism and adventitious root growth (Cronk and Fennessey 
2001).  Planting of macrophyte seedlings began in June 2004 and was completed by November 
  Page | 27 
2004. The seedlings were installed directly into the clay liner of the basins at density of 
approximately two per square metre across the initial planting areas illustrated in Figure 4. During 
this time, water levels were maintained at river level (~0.55 mAHD) by pumping to allow the 
emergent macrophytes to establish.  
1.4 Study objectives 
 
Figure 5: Emergent macrophytes in Basin 14 during first year of growth (February 2005).   
Initially, the emergent macrophyte species planted in the surface flow basins of the wetland 
established and grew (Figure 5). However, within the first year, it was identified that the cover of 
some species was declining (SERCUL 2006.). Due to the importance of the emergent macrophytes 
to contaminant removal, there was concern that this loss of cover would limit the treatment 
performance of the wetland (GHD 2007).  
This study was devised to determine why this unplanned change had occurred and whether other 
components had also deviated from the initial design. Available monitoring data collected by the 
Western Australian Department of Water were used to evaluate system inputs and performance. 
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Treatment efficiency was measured against the primary objective for which Liege St Wetland was 
constructed:  to remove nutrients during low flow periods (Syrinx 2004). The other objectives, to 
provide flood storage capacity during high flows and to increase local habitat and amenity value, 
were not directly addressed though both were considered when evaluating the outcomes of the 
study. In addition, treatment efficiency of contaminant removal (metals, BOD and DOC) was also 
considered. Using available information and data collected through a series of supplementary 
investigations, changes to system components were assessed and the parameters involved in these 
changes were identified. Applying an active adaptive management approach, an experimental trial 
was then conducted to evaluate proposed modifications to the system design to improve macrophyte 
cover.  
The study investigated the following research questions:  
 Was the wetland effective in removing nutrients and contaminants since its inception (2005 
to 2011)? 
 Did macrophyte loss affect treatment efficiency? 
 What was the pattern and timing of loss of emergent macrophytes from the wetland and what 
were the key parameters driving macrophyte decline?  
 How might the wetland be manipulated to restore emergent macrophytes? 
 What are the implications and trade-offs of this intervention?  
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2 Materials and methods 
2.1 Was the wetland effective in removing nutrients and contaminants since its 
inception (2005-2011)? 
 
Figure 6:  Location of Department of Water automatic gauging stations, water quality and sediment sampling 
locations.  
The study relied on data collected by the Department of Water to evaluate nutrient and contaminant 
treatment by the wetland from May 2005 to June 2011 (Department of Water 2013). System 
hydraulics were characterized using stage height and discharge data from the LD inlet and the 
wetland outlet (Figure 6). Change in water quality and sediment parameters were assessed from 
sampling data collected at the CD and LD inlets, within the wetland (Basin 6 and Pond 3) and at the 
wetland outlet.  
Basin 6 
Pond 3 
CD Inlet 
Wetland 
Outlet 
LD Inlet 
GD Inlet 
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Although this data covered an adequate period (7 years), the hydraulic data did not include inflow 
measurements and the water quality and sediment data was collected at relatively low frequencies. 
A further complication was that the two smaller inflow points (CD and GD) are relatively close to the 
outlet point (see Figure 6). These factors seriously limit the quality of the information that could be 
determined by this study. Stormwater flows are rainfall event-driven and therefore are inherently 
highly variable (Taylor et al. 2005, Beck and Birch 2012b). As such, sampling would ideally have 
been conducted at equivalent timescales and frequencies to flow events to facilitate rigorous 
analysis. However, this standard of data was unavailable, and, in order to provide some assessment 
of treatment performance, the available data was utilised despite its limitations.    
2.1.1 Hydraulics 
Water depths were derived from daily stage height time series data obtained for the LD inlet (above 
internal weirs) and wetland outlet (below internal weirs) (Figure 6).  Outflow was calculated from 
daily discharge time series data from the wetland outlet (Figure 6).  The discharge data was derived 
by the Department of Water from a calibrated, stage height vs. discharge model. The volume of 
inflow to the wetland could not be obtained, as the GD inlet is not gauged and, to date, an accurate 
stage height vs. discharge relationship had not been determined for the LD or CD inlets (Department 
of Water 2013). However, previously suggested inflow to the wetland closely matched discharge, 
that the wetland had limited exchange with groundwater and had estimated evaporative losses to be 
less than 5% (GHD 2007).  Furthermore, GHD (2007) had estimated that the LD inlet contributed 
93% of inflow, while the CD contributed only 6%, and the GD inlet less than 1%.   
A simple model was adopted to inflow, where 5% and 95% of discharge volume was attributed to the 
CD and LD inlets respectively. Unfortunately, an improved model that accounted for the volume and 
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period of inflows from all three inlets could not be developed due to the deficiencies of the data. Low 
flow and high flow periods were defined around median discharge values (low < median and high > 
median) to enable assessment of wetland treatment efficiency at low flows (a key objective of the 
wetland). 
2.1.2 Water quality 
Water quality parameters were assessed at the LD and CD inlets, within Basin 6 and at the wetland 
outlet (Figure 6).  Data included chemical analyses of water samples and in situ physiochemical 
measurements (Department of Water 2013) collected four times per year according to the methods 
described in Department of Water (2005).  
Contaminant concentrations were analysed by the National Measurement Institute according to 
methods described in APHA (2005). Concentrations were obtained for metals (aluminium - Al, 
arsenic - As, cadmium - Cd, chromium - Cr, copper - Cu, iron - Fe, manganese - Mn, nickel - Ni, lead 
- Pb, and zinc - Zn); nutrients including nitrogen (dissolved organic nitrogen (DON-N), dissolved 
oxidised nitrogen (NOx-N), total nitrogen (TN) and ammonia/ ammonium (NH3-N/NH4-N)) and 
phosphorus (total phosphorus (TP) and filterable reactive phosphorus (FRP)); organic material 
(biological oxygen demand (BOD5), dissolved organic carbon (DOC)); and suspended solids (total 
suspended solids (TSS)). Physiochemical parameters (conductivity, dissolved oxygen (DO%), pH 
and temperature) were measured in conjunction with water quality sample collection to provide 
context to chemical analyses.  
Parameter concentrations (mg/L) for both low flow and high flow periods were plotted using box plots 
(showing minimum, median, and maximum values, 1st and 3rd quartiles and upper and lower 
outliers). Concentrations were compared to ANZECC (2000) trigger values for 95% species 
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protection and/or wetlands in the southwest of Australia. Note metals recorded at low 
concentrations, that is below ANZECC (2000), were not plotted or discussed unless specifically 
relevant to the study. 
2.1.3 Sediments 
The concentration (mg/kg) of metals (Al, As, Cd, Cr, Cu, Fe, Hg, Ni, Pb and Zn), nutrients (total 
Kjeldahl nitrogen (TKN), TN, TP) and organic carbon (TOC) within sediments were obtained from 
five locations sampled by the Department of Water (Department of Water 2013) (Figure 6). Data was 
obtained from composite core samples collected annually, during the summer or autumn period, 
from 2005 through to 2011, according to the methods described in Department of Water (2005). 
Chemical analyses were undertaken by the National Measurement Institute according to methods 
described in APHA (2005). Concentrations were compared to ANZECC (2000) interim sediment 
quality guideline (ISQG) trigger values. 
2.1.4 Treatment efficiency 
Treatment efficiency was assessed through the comparison of contaminant concentrations and mass 
contributions at the major LD inlet and the wetland outlet.  Comparisons were made using methods 
recommended by the Water Environment Research Foundation (2012). This included comparing 
concentrations (mg/L) using box plots (showing minimum, median, and maximum values, 1st and 3rd 
quartiles and upper and lower outliers), normal probability plots (showing empirical distribution and 
the probability of non-exceedance) and summary statistics (including count, minimum, maximum, 
mean, standard deviation, 95% confidence interval, coefficient of variation, skewness, median and 
25th and 75th percentile); and comparing mass contribution (kg/day) using influent vs effluent plots.   
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As the inflow from each inlet was unknown (section 2.1.1), mass contribution was estimated using 
the simplified hydraulic model previously described, where 5% and 95% of discharge volume was 
attributed to the CD and LD inlets respectively. Mean daily influent volumes were then used to 
calculate mass contributions (kg/day) for each sample date, based on the parameter concentrations 
recorded. 
The significance of any differences in concentration between the two locations was tested using the 
nonparametric Wilcoxon signed rank and Mann-Whitney U tests, where P=<0.05 (Water 
Environment Research Foundation 2012). The Wilcoxon signed rank test is a test of paired samples, 
whereas the Mann-Whitney U test is a test of two independent datasets (International Stormwater 
BMP Database 2012). These tests were used as the outcome of each is robust where data are not 
normally distributed. Differences in mass contribution were illustrated by the influent vs. effluent 
plots; where data points below the 1:1 line indicate contaminant removal. Treatment was then 
compared to the performance of wetland basins and other best management practices (BMPs) from 
other locations using the International Stormwater BMP Database (2012). 
2.2 Did macrophyte loss affect treatment efficiency? 
Changes in treatment efficiency were assessed pre- and post-January 2007, when the majority of 
macrophyte decline had occurred. This was calculated for nutrient parameters only, as nutrient 
removal was the primary purpose of the wetland (see section 1. 3).  Changes to treatment efficiency 
were identified by calculating summary statistics for concentrations (mg/L) (mean, 95% confidence 
intervals, median and 25th and 75th percentiles) and P-values for Wilcoxon signed rank test and 
Mann-Whitney U tests, as well as, influent and effluent plots of mass contribution (kg/day).  
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2.3 What was the pattern and timing of loss of emergent macrophytes and did 
this correlate with any changes in the wetland?  
Evidence of changes to the components of the wetland was determined through a series of field 
surveys conducted from 2006 through to 2011 and using data collected by the Department of Water 
(2013). The change in the cover of emergent macrophyte species was assessed through annual 
mapping surveys within wetland basins, and investigations of the morphology and condition of 
macrophyte stands.  
 
Figure 7:  Location of field survey transects and sampling locations to measure change to system parameters. 
Progressive monitoring indicated unconsolidated sediments were forming within the basins. A link 
between these sediments and the macrophyte decline was suspected. The development of 
unconsolidated sediments was quantified through a survey of sediment depth and physiochemical 
parameters in February 2011. The concentration of potential phytotoxins within these sediments was 
Basin 6 
Pond 3 
CD Inlet 
Wetland 
Outlet 
LD Inlet 
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identified from monitoring data and an additional sediment sampling conducted at various locations 
within the wetland in April 2011 (Figure 7).   
2.3.1 Emergent macrophyte cover, morphology and condition 
An annual survey was undertaken in summer or autumn from 2005 through to 2008, and again in 
2010, to map the cover of emergent macrophyte species within the wetland basins (Figure 7). Maps 
were initially created by manually recording the location of macrophyte stands onto aerial images in 
the field, and later digitized using ArcMap© software. From 2008 onwards more accurate images 
became available, and the location of macrophyte stands were identified from aerial imagery and 
recorded digitally, with species identification later confirmed in the field. Proportional change was 
determined through comparison of annual cover and the extent of the initial planting areas. Photo-
point monitoring was undertaken to document change in the cover of macrophytes within basins at a 
number of locations (Figure 7). A selection of these images was reported where they illustrate 
important observations. 
The Department of Water undertook a survey of macrophyte morphology and health during the 
spring and autumn periods, from 2005 through to 2009. Leaf and root height (est. mean, max, min), 
biomass (dry weight and percentage loss on ignition (% LOI)), leaf count and leaf condition 
(percentage (%) new, mature, senescent and dead) were obtained from six 0.25 m x 0.25 m 
samples selected randomly within the annual mapped extent of emergent macrophyte cover  (Figure 
7). Initially samples were collected for Baumea articulata, B. rubiginosa, Eleocharis acuta and 
Schoenoplectus validus. However, from 2006, only B. articulata and S. validus stands were sampled 
as insufficient material remained of the other species. Data were summarised to present annual 
change for each sampled species.  
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Based on these surveys, it was apparent that only B. articulata and S. validus were persisting within 
the wetland basins. Macrophyte cover had decreased markedly from 2007; and by 2010, the initial 
stands of these species had fragmented into a mosaic of small clumps. A survey of the morphology 
and health of the remaining clumps of both species was conducted in March 2010. A sample of 
twelve B. articulata and ten S. validus clumps was selected at random from the 2010 cover map. 
The width, posture (upright or toppled) and adjacent water depth were recorded for each clump, as 
well as the height of root material and presence of lateral roots or rhizomes. A line intercept transect 
was then placed across the centre of each clump and leaf height (est. mean, max, min) and 
condition (% new, mature, senescent dead) assessed for all intersected leaves. Redox potential 
(mv) was also measured within the surface water and sediment adjacent to two clumps of each 
species (n=4). Data for each species were summarised as mean values plus or minus one standard 
deviation. 
2.3.2 Sediment extent, volume and redox potential  
The vertical profile of wetland basins was systematically assessed between February 9 and 11,, 
2011. Measurements were collected along 38 parallel transects located at ten metre intervals across 
the wetland basins (Figure 7). Depth to sediment and depth to substrate were measured at two 
metre intervals along each transect starting at one metre from the water edge (n= 370). The redox 
potential (mv) within sediments was measured using a multi-parameter probe (Hydrolab QUANTA) 
at six metre intervals along each transect, beginning three metres from the water edge (n=109). The 
probe was calibrated prior to use and readings were taken after values had stabilised (typically after 
four or five minutes). 
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2.3.3 Sediment phytotoxicity 
Progressive observations of the study site suggested a high proportion of sulfidic compounds within 
the unconsolidated sediments.  Dissolved sulfide anions (HS-/S2-) produced in sulfidic sediments 
were identified as a potential phytotoxin that may have affected the growth of the emergent 
macrophytes (Cronk and Fennessey 2001, Lamers et al. 2013, Simkin et al. 2013). However, sulfur 
species were not routinely analysed from Department of Water sediment samples (Department of 
Water 2005). Additional sediment samples were collected on the 20th of April 2011, for analyses of 
acid sulfate soil parameters within the sediment and sediment pore-water. A total of 23 samples 
were collected from five locations (four or five replicate samples per location) (Figure 7). Samples 
were collected directly into sample jars and sealed within the substrate, then frozen, in order to limit 
oxidation prior to delivery to the laboratory. The concentration of sulfur (acid volatile - AVS, 
chromium reducible - SCr and total sulfur -TS), iron (Fe), organic material (TOC), acidity and 
neutralising capacity were measured from the samples using methods described by Ahern et al. 
(2004).  To determine the availability of reactants and phytotoxic sulfides, pore-water from the same 
sediment samples was analysed for dissolved sulfur (S--S, SO43—S), organic carbon  (TOC, DOC 
and C), metals (Fe, Al and Mn), acidity and neutralising capacity, using methods described in APHA 
(2005).   
2.4 How might the wetland be manipulated to restore emergent macrophytes? 
From the results of the sediment analyses (refer to section 2.1.3), it was apparent that strongly 
reduced conditions had developed within the wetland basins. Assuming a link between the low redox 
potentials and the decline of macrophyte stands, it was hypothesised that the growth of emergent 
macrophytes could be improved by increasing aeration within the basins. In 2008, forced aeration of 
the water column was trialed using mechanical aerators. The effect of these proved localised, and 
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was hampered by the incorporation of a solar power source that limited operation to daylight hours. 
Due to the need to derive a cost effective solution, an in situ trial was conceived to assess whether 
sufficient aeration could be achieved passively by reducing the water depth and inundation period 
within the basins. 
2.4.1 Experimental design 
A trial was designed that compared the survival and growth of B. articulata seedlings in two different 
water depths: at approximately -0.35m m to -0.45 m and +0.05m m to -0.05 m at summer and winter 
water levels (hereafter referred to as -0.35m and +0.05m treatments). The growth trial was arranged 
in a balanced ‘before-after’ ‘control-impact’ experimental design (Green 1979). The trial site was 
located within basin 1 closest to the LD inlet (Figure 6). The control was provided by the existing 
depth and profile within basin 1, which had a substrate of sand at a height of 0.60 mAHD, resulting in 
a depth of approximately 0.35 m at low water levels. The sand had been added to basin 1 in 2009 as 
part of retrospective earthworks and had since been overlain with an approximately 0.1 m layer of 
unconsolidated sediment. This made it representative of conditions typical within the wetland. The 
experimental treatment (impact) was established by adding an additional layer of clean sand to the 
downstream half of the basin, raising the substrate level to a height of 0.95 mAHD or approximately 
0.05 m above summer low water levels. Being periodically exposed to the atmosphere, the +0.05m 
treatment allowed increased aeration. The hypothesis that sedge survival and growth would be 
greater in the plus +0.05m treatment was assessed.  
Baumea articulata is a large, rhizome forming emergent macrophyte from the family Cyperaceae 
that is native to the study site (Chambers et al. 1995). It was selected to be representative of 
emergent macrophytes tolerant of prolonged inundation and reduced substrates that have potential 
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for application in treatment wetlands (Tanner 1996). Froend et al. (1993) associated B. articulata 
with sandy substrates in freshwater wetlands, where the average duration of inundation is eight to 
nine months per year and inundation levels range seasonally between +1.8 m above and -1.1 m 
below the substrate surface.  
 
Figure 8: Scheme of macrophyte growth trial enclosures: +0.05m treatment (December 2010).  
The B. articulata seedlings were planted within 2.9m x 2.3m x 0.5m (W x D x H) enclosures 
constructed from 50 mm weld mesh and metal posts to prevent predation by water birds (Figure 8). 
Due to limitation of space, a single enclosure was installed in each treatment, located within the 
centre of the basin and approximately five metres apart. A total of 120 seedlings, consisting of 
rhizomes with a single culm of leaves approximately 0.6 m tall, were obtained from a specialist 
nursery supplier. On the 1st of November 2010, 50 individuals were selected at random and planted 
into the substrate within each enclosure in a uniform staggered grid pattern. The remaining 20 
individuals were immediately assessed for morphological characteristics and dry weight (Table 1). 
 substrate 
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Subsequently, six samples of 10 individuals were randomly selected from each enclosure at 
intervals of approximately 14 days between the 1st of November 2010 and the 21st of January 2011. 
2.4.2 Verification of depth, profile and physical conditions  
The depth to the surface of the unconsolidated sediment and depth to substrate were measured at 
the location of each plant. Redox potential (mv) was measured in the open water, unconsolidated 
sediment and substrate profiles adjacent to each experiment enclosure using a multi-parameter 
probe (YSI 556MPS) between 9:00-11:00am on the 16th of December 2010 (n=5).  
2.4.3 Measurement of macrophyte survival and morphology  
Above ground (number of leaves, length of each leaf, diameter of each leaf base, condition of each 
leaf) and below ground (estimated average root length, estimated new root abundance and rhizome 
presence) characteristics were recorded for each plant (Table 1).  
Table 1: Leaf condition and root abundance categories used in assessment of macrophyte samples. 
 Leaf condition Root abundance 
 Live Leaf green / vital Nil No new roots present 
 Senescent 
Leaf yellowed / mottled / 
perforated 
Few < 10 roots present 
 Dead Leaf desiccated / dead Many 10 – 50 roots present 
 Broken Leaf  broken / tip removed Very Many > 50 new roots present 
 
Samples were then divided into above and below ground parts and oven dried at 70-80 C0 to a 
constant weight. Dried samples were screened to remove residual potting mix and stones by hand 
on sorting trays and weighed using scientific scales to obtain a biomass measure. The significance 
of differences between the first and last sampling dates were determined by paired t-test where P= 
<0.05. 
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3 Results  
3.1 Was the wetland effective in removing nutrients and contaminants since its 
inception (2005-2011)? 
3.1.1 Hydraulics  
Stage height and discharge data demonstrated that the wetland was successful in providing flood 
storage capacity during high flows (Appendix 1).  
3.1.1.1 Water depth 
 
Figure 9: Box plots for basin water depths between May 2005 and June 2011 (+=max outlier, x = min outlier, n = 
1989). 
All basins within the wetland remained permanently inundated from 2005 through to 2011 (Figure 9). 
However, surface water levels were occasionally observed at, or close to, the base of Basin 2. At 
average stage heights, median water depths ranged between 0.39 to 1.31 m in basins 1 and 4 
above the internal weirs and, excluding Basin 2, between 0.17 and 0.99 m in basins below the 
internal weirs. At the high range these depths may have been excessive for the growth of the 
emergent macrophyte species and therefore they could have impacted on contaminant treatment.   
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3.1.1.2 Discharge 
 
Figure 10: Hydrograph (log scale) for mean daily discharge (m3/day) from the wetland outlet between May 2005 to 
June 2011 showing median discharge for the study period (2246 m3/day) (+=max outlier, x = min outlier, n = 1986).  
Discharge from the wetland outlet closely followed the pattern of local rainfall (Bureau of 
Meteorology 2013). Flow events tended to be of short duration and occur as a series of intermittent 
flushes. This pattern of discharge is common in urban catchments where a high proportion of hard 
surfaces, and purposefully designed drainage networks ensure stormwater is quickly transferred.  
Low flow and high flow periods were defined as above and below median daily discharge (low flows 
< 2246 m3/day and high flow > 2246 m3/day)(Appendix A). High flows (median 6394.9 m3/day) 
predominantly occurred in autumn, winter and early spring from May to September, and low flows 
(median 785.8 m3/day) during the summer months from January to February (Appendix A).  During 
the study most low flows (< 2246 m3/day) occurred from November to May and most high flows (> 
2246 m3/day) occurred from June to October. Discharge was not measured during December of 
each year, or from 1st January to 1st May 2009.  
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Outflow was continuous during all periods discharge was measured, except for a brief time in late 
November 2005 (Figure 10). Daily discharge at the wetland outlet ranged from zero to 49,178 
m3/day and averaged 5073 m3/day for the study period (Appendix A). Inflow, which was not 
calculated, was assumed to be similar to outflow and similarly constant. 
3.1.2 Physiochemical parameters 
Dissolved oxygen concentrations and pH were significantly reduced from the LD inlet to the wetland 
outlet (Table 2)(Appendix A). However, the wetland did not have a significant influence on 
conductivity (Table 2). 
Table 2: Significance of difference between physiochemical parameters at LD inlet and the wetland outlet, between 
May 2005 and June 2011 (low flow < 2246 m3/day and high flow > 2246 m3/day, P = significant decrease). See 
Appendix 1 for summary statistics tables. 
Parameter Flow Wilcoxon p-value Mann-Whitney p-value 
Dissolved oxygen  low P < 0.001 P <0.02 
high P < 0.001 P <0.02 
Conductivity low P > 0.2 P > 0.1 
high P > 0.2 P > 0.1 
pH low P < 0.001 P < 0.02 
high P < 0.001 P < 0.02 
 
  Page | 44 
3.1.2.1 Dissolved oxygen (DO%) 
 
Figure 11: Box plots (log scale) for dissolved oxygen percent saturation (DO%) at the CD and LD inlets, basin 6 and 
the wetland outlet, between May 2005 and June 2011 (+=max outlier, x = min outlier, n = 29 low flows (low) and n = 
35 for high flows (high)). 
Dissolved oxygen saturation (DO%) was rarely recorded above the ANZECC (2000) lower limit for 
wetlands at any location (DO% < 90%)(Figure 11). Dissolved oxygen was highest at the LD inlet (low 
flow median 61.5%, high flow median 79.0%) and lowest at the CD inlet (low flow median 11.1%, 
high flow mean 29.7%)(Appendix A). Dissolved oxygen within Basin 6 and at the wetland outlet was 
similar to the CD inlet during low flows and more like the LD inlet during high flows. However, DO% 
was significantly lower at the outlet compared to the LD inlet in both low and high flow periods (Table 
2).  This reduction in DO% through the wetland would have strongly influenced treatment by 
promoting anaerobic processes, such as denitrification and sulfur reduction, and limiting the potential 
for aerobic processes, such as nitrification, to occur.   
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3.1.2.2 Conductivity  
 
Figure 12: Log scale box plots () for conductivity at the CD and LD inlets, Basin 6 and the wetland outlet, May 2005 to 
June 2011 (+=max outlier. x = min outlier. n = 29 low flows (low) and n = 35 for high flows (high)). 
Conductivity remained within a normal range for freshwater wetlands in south west Australia during 
most periods (330 to 1500 us/cm)(ANZECC 2000) (Figure 12), with the exception of the CD inlet 
(median 1830 µs/cm, max 3560 µs/cm) and the wetland outlet (median 1830 µs/cm, max 28,300 
µs/cm) during low flows (Appendix A). The spike in conductivity at the wetland outlet during the low 
flows was a result of the incursion of river water over the outlet weir. However, the elevated 
conductivity at the CD inlet during low flows is presumed to be the result of contaminant inputs. 
Despite the higher conductivity at the CD inlet, no significant differences in conductivity were 
apparent between the LD inlet and wetland outlet (Table 2) and the wetland functioned as a 
freshwater water system, as designed. 
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3.1.2.3 pH 
 
Figure 13: Box plots for pH at the CD and LD inlets, Basin 6 and the wetland outlet, between May 2005 and June 
2011 (+=max outlier, x = min outlier, n = 29 low flows (low) and n = 35 for high flows (high)). 
The majority of pH values were near neutral, ranging from approximately 6.5 to 8.0 at all locations 
(Figure 13). Values at the wetland outlet (median 7.3) were slightly lower than the LD inlet during 
both low and high flows. While these differences were significant at 95% confidence level (Table 2), 
they are not likely to have affected contaminant treatment.  
3.1.3 Nutrients 
The wetland was partly successful in meeting the design objective of removing nutrients. Significant 
treatment of NOx occurred between the LD inlet and the wetland outlet at low and high flows (Table 
3). Significant treatment of TN, TP and FRP was also recorded during high flows (Table 3). 
However, NH3 /NH4+ concentration increased significantly during high flows (Table 3), indicating that 
nitrification was not occurring within the wetland due to the sustained anaerobic conditions. 
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Table 3: Significance of difference between nutrients at LD inlet and the wetland outlet, between May 2005 and June 
2011 (low flow < 2246 m3/day and high flow > 2246 m3/day, P = significant decrease, P = significant increase) See 
Appendix 1 for summary statistics tables. 
Nutrient Flow Wilcoxon p-value Mann-Whitney p-value 
TN low  P > 0.2 P > 0.1 
high P < 0.001 P < 0.02 
NOx low  P < 0.001 P < 0.02 
high P < 0.001 P < 0.02 
NH3/NH4 low  P > 0.1 P > 0.1 
high P < 0.01 P > 0.05 
TP low  0.05 < P < 0.10 P > 0.1 
high P < 0.001 P < 0.02 
FRP low  0.05 < P < 0.10 P > 0.1 
high P < 0.001 P < 0.02 
 
3.1.3.1 Total nitrogen (TN) 
 
Figure 14: Box plots and probability plots (log scale) for total nitrogen (TN) (mg/L) during low and high flow periods at 
the CD and LD inlets, Basin 6 (box plots only) and the wetland outlet (+=max outlier, x = min outlier, n = 25 low flows 
and n = 39 for high flows). 
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Figure 15: Influent vs. effluent plots (Log scale) of total nitrogen (TN)  (kg/day) during low and high flow periods (low n 
= 25, high n = 39). 
The concentration of total nitrogen (TN) exceeded ANZECC (2000) trigger value for 95% species 
protection (> 0.7 mg/L) at all locations during both low and high flow periods (Figure 14, 
Appendix A). TN at the LD inlet consistently exceeded the ANZECC (2000) trigger value for 
wetlands within south west Australia (>1.5 mg/L) (Appendix A).  The concentrations of TN at the CD 
inlet were also above the wetland trigger value during the low flow period but were less elevated 
during high flows (Figure 14Appendix A).   Outlet concentrations were similar to those recorded at 
the LD inlet (Figure 14). However, significant removal of TN was recorded during high flows (Table 
3, Figure 15).   
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3.1.3.2 Oxidised Nitrogen (NOx) 
   
Figure 16: Box plots and probability plots (log scale) for oxidised nitrogen (NOx)(mg/L) during low and high flow 
periods at the CD and LD inlets, Basin 6 (box plots only) and wetland outlet (+=max outlier, x = min outlier, low n = 
25, high n =39). 
  
Figure 17: Influent vs. effluent plots (Log scale) of NOx (kg/day) during low and high flow periods (low n = 25, high n = 
39). 
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Oxidised nitrogen concentrations were highest at the LD inlet, where median concentrations 
exceeded the ANZECC (2000) wetland trigger value (> 0.1 mg/L) in all periods and peaked during 
high flows when concentrations were also above the trigger for ANZECC (2000) 95% species 
protection (> 0.7 mg/L)(Figure 16, Appendix A). Median NOx concentrations were significantly lower 
at the CD inlet during all flow periods (Figure 16, Appendix A). Median concentrations of NOx 
recorded within Basin 6 and the wetland outlet were below the ANZECC (2000) 95% protection 
trigger during low flows, but above this threshold during high flows (Figure 16, Appendix A). 
However, significant removal of NOx was identified in both low and high flows (Table 3, Figure 17). 
3.1.3.3  Ammonia / ammonium nitrogen (NH3/NH4+) 
 
Figure 18: Box plots and probability plots (log scale) for ammonia / ammonium (NH3/NH4+) (mg/L) during low and high 
flow periods at the CD and LD inlets, Basin 6 (box plots only) and wetland outlet (+=max outlier, x = min outlier, low n 
= 25, high n =39). 
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Figure 19: Influent vs. effluent plots (Log scale) of ammonia / ammonium (NH3/NH4+) (kg/day) during low and high 
flow periods (low n = 25, high n = 39). 
Median NH3/NH4+ concentrations were above the ANZECC (2000) wetland trigger value (> 0.04 
mg/L) at all locations for all periods (Figure 18, Appendix A). Concentrations were greatest at the CD 
during low flows where median concentration was 0.4 mg/L and mean concentration exceeded the 
ANZECC (2000) 95% trigger value (> 0.9 mg/L)( Figure 18, Appendix A). The concentrations were 
highest at the wetland outlet during low flows (0.11 mg/L) (Figure 18, Appendix A). The wetland did 
remove NH3/NH4+ when compared to the concentrations at the CD inlet. However, outlet 
concentrations were often greater than those at the LD inlet (Figure 19) and these differences were 
significant (Wilcoxon P < 0.01) during the high flow period (Table 3).  
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3.1.3.4 Total Phosphorus (TP)  
 
Figure 20: Box plots and probability plots (log scale) for total phosphorus (TP) (mg/L) during low and high flow 
periods at the CD and LD inlets, Basin 6 (box plots only) and wetland outlet (+=max outlier, x = min outlier, low n = 
25, high n =39). 
 
Figure 21: Influent vs. effluent plots (Log scale) of total phosphorus (TP) (kg/day) during low and high flow periods 
(low n = 25, high n = 39). 
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Median concentrations of TP were above ANZECC (2000) trigger values for wetlands at both inlets, 
except the CD inlet during high flows (Figure 20, Appendix A). The highest concentrations were 
recorded during low flows, particularly at the LD inlet (Figure 20, Appendix A).  The wetland 
appeared successful in removing TP during low and high flows (Figure 21), but significant 
differences were only determined for high flows (Table 3). 
3.1.3.5 Filterable reactive phosphorus (FRP) 
 
Figure 22: Box plots and probability plots (log scale) for filterable reactive phosphorus (FRP) (mg/L) during low and 
high flow periods at the CD and LD inlets, Basin 6 (box plots only) and wetland outlet (+=max outlier, x = min outlier, 
low n = 25, high n =39). 
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Figure 23: Influent vs. effluent plots (Log scale) of filterable reactive phosphorus (FRP) (kg/day) during low and high 
flow periods (low n = 25, high n = 39). 
Median concentrations of FRP were above ANZECC (2000) trigger values for wetlands (0.03 mg/L) 
at both inlets in all periods (Figure 22, Appendix A). The highest concentrations were recorded 
during low flows and peak values were recorded at the LD inlet (median 0.370 mg/L)(Figure 22, 
Appendix A). Similar to TP, the wetland appeared successful in removing FRP during low and high 
flows (Figure 23), though significant differences were only recorded during high flows (Table 3). 
3.1.4 Organic material and suspended solids 
The wetland was successful in treating suspended solids during high flows but did not have a 
significant effect on BOD5 or DOC during either low or high flow periods (Table 4)(Appendix A). 
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Table 4: Significance of difference between BOD, dissolved organic carbon and total suspended solids at LD inlet 
and the wetland outlet, between May 2005 and June 2011 (low flow < 2246 m3/day and high flow > 2246 m3/day,  P = 
significant decrease) See Appendix 1 for summary statistics tables. 
Parameter Flow Wilcoxon p-value Mann-Whitney p-value 
BOD low  P > 0.2 P > 0.1 
high P > 0.2 P > 0.1 
DOC low  P > 0.2 P > 0.1 
high 0.05 < P < 0.10 P > 0.1 
TSS low  P > 0.2 P > 0.1 
high P < 0.001 P < 0.02 
 
3.1.4.1 Biological oxygen demand (BOD5) 
 
Figure 24: Box plots and probability plots (log scale) for biological oxygen demand (BOD5) (mg/L) during low and high 
flow periods at the CD and LD inlets, Basin 6 (box plots only) and wetland outlet (+=max outlier, x = min outlier, low n 
= 14, high n =10). 
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Figure 25: Influent vs. effluent plots (Log scale) of biological oxygen demand (BOD5) (kg/day) during low and high 
flow periods (low n = 14, high n = 10). 
Biochemical oxygen demand (BOD5) is a standard measure of the amount of oxygen required by 
microorganisms to consume available organic carbon over five days. Biological oxygen demand 
(BOD5) was greatest at the CD inlet where median concentrations were in excess of 10 mg/L during 
all periods (Figure 24, Appendix A). Maximum concentrations recorded at this inlet (28.0 mg/L low 
flows, 60.0 mg/L high flow) were equivalent to secondary treated sewage (EPHC 2006) 
(Appendix A). In contrast mean median concentrations at the LD inlet and Basin 6 remained at 
approximately 5mg/L in all periods (Figure 24, Appendix A). Mean BOD5 at the wetland outlet was 
slightly higher (6.6 mg/L), though median values were also 5 mg/L (Figure 24, Appendix A). The 
wetland did not provide treatment of BOD5 from the LD inlet to outlet (Table 4) and increases in 
BOD5 appear to have occurred during low flows (Figure 25). However, the decrease in BOD5 from 
the CD inlet was substantial and the influence of this inlet likely contributed to the elevated outlet 
values compared to the LD inlet during low flows (Appendix A).  
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3.1.4.2 Dissolved organic carbon (DOC) 
 
Figure 26: Box plots and probability plots (log scale) for dissolved organic carbon (DOC) (mg/L) during low and high 
flow periods at the CD and LD inlets, Basin 6 (box plots only) and wetland outlet (+=max outlier, x = min outlier, low n 
= 17, high n =21). 
 
Figure 27: Influent vs. effluent plots (Log scale) of dissolved organic carbon (DOC) (kg/day) during low and high flow 
periods (low n = 17, high n = 21). 
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Dissolved organic carbon concentration was more variable during high flows (Figure 26), but there 
were no significant differences between the LD inlet and wetland outlet at low or high flows (Table 
4). Concentrations were similar at all sampling locations, though slightly lower at the CD inlet, within 
each respective flow period (Figure 26, Appendix A). The highest concentrations occurred during low 
flows within Basin 6 (mean 22.4 mg/L, median 22.0 mg/L) and the wetland outlet (mean 21.6 mg/L)( 
Figure 26, Appendix A). The higher average concentrations of DOC through Basin 6 and the outlet 
possibly provide evidence of the decomposition of organic material occurring within the wetland, 
resulting in suspension of organic particulates. 
3.1.4.3 Total suspended solids (TSS) 
 
Figure 28: Box plots and probability plots (log scale) for total suspended solids (TSS) (mg/L) during low and high flow 
periods at the CD and LD inlets, Basin 6 (box plots only) and wetland outlet (+ = max outlier, x = min outlier, low n = 
19, high n =25). 
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Figure 29: Influent vs. effluent plots (Log scale) of total suspended solids (TSS) (kg/day) during low and high flow 
periods (low n = 19, high n = 25). 
The median concentration of suspended solids ranged from 5.0 to 13.0 mg/L (Figure 28, Appendix 
A). The highest concentration of TSS was recorded during low flows within Basin 6 (Figure 28, 
Appendix A). Total suspended solid concentration was greater during high flows at the LD inlet 
(median 13.0 mg/L to 5.0 mg/L high to low respectively) and greater during low flows at the CD inlet 
(median 10.0 mg/L to 5.5 mg/L low to high respectively)(Appendix A). Concentrations were lower at 
the wetland outlet and significant decreases in TSS were determined during high flows (Figure 29, 
Table 4). 
3.1.5 Metals  
The wetland was successful in treating arsenic, copper and zinc at high flows (Table 5)(Appendix A). 
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Table 5: Significance of difference between metal concentrations at LD inlet and the wetland outlet, between May 
2005 and June 2011 (low flow < 2246 m3/day and high flow > 2246 m3/day,  P = significant decrease). See Appendix 
1 for summary statistics tables. 
Metal Flow Wilcoxon p-value Mann-Whitney p-value 
Aluminium low P > 0.2 P > 0.1 
high P > 0.2 P > 0.1 
Arsenic low P > 0.2 P > 0.1 
high P < 0.001 P > 0.1 
Chromium low P > 0.2 P > 0.1 
high P > 0.2 P > 0.1 
Copper low P > 0.1 P > 0.1 
high P < 0.001 P < 0.02 
Iron low P > 0.2 P > 0.1 
high P > 0.2 P > 0.1 
Zinc low P > 0.2 P > 0.1 
high P < 0.05 P > 0.1 
 
3.1.5.1 Aluminum (Al) 
 
Figure 30: Box plots (log scale) for aluminium (Al) (mg/L) at the CD and LD inlets, Basin 6 and the wetland outlet, 
between May 2005 and June 2011 (+=max outlier, x = min outlier, n = 14 low flows and n = 15 for high flows). 
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Figure 31: Influent vs. effluent plots (Log scale) of aluminium (Al) (kg/day) during low and high flow periods (low n = 
14, high n = 15). 
Average Al concentrations were recorded above the ANZECC (2000) 95% trigger value (0.055 
mg/L) at most locations throughout the year, except at the CD inlet during low flows (Figure 30, 
Appendix A). Peak concentrations occurred at the LD inlet during high flow periods (median 0.22 
mg/L)(Figure 30, Appendix A). Aluminum concentration was similarly elevated at the wetland outlet 
during these periods (median 0.18 mg/L) and within Basin 6 for all periods (median >0.14 mg/L) 
(Figure 30, Appendix A).  The wetland appeared to have removed Al on most sampling occasions 
(Figure 31), though treatment was not consistent enough for statistically significant differences in low 
or high flow periods (Table 5). 
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3.1.5.2 Arsenic (As) 
 
Figure 32: Box plots and probability plots (log scale) for arsenic (As) (mg/L) during low and high flow periods at the 
CD and LD inlets, Basin 6 (box plots only) and the wetland outlet, between May 2005 and June 2011 (+=max outlier, 
x = min outlier, n = 8 low flows and n = 9 for high flows). 
 
Figure 33: Influent vs. effluent plots (Log scale) of arsenic (As) (kg/day) during low and high flow periods (low n = 8, 
high n = 9). 
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Arsenic concentration was below the ANZECC (2000) 95% trigger value for As lll of 0.024 mg/L for 
high flow periods (Figure 32, Appendix A). However, mean concentrations increased above this limit 
during low flows at the CD and LD inlets (0.126 mg/L and 0.289 mg/L), Basin 6 (0.162 mg/L) and 
wetland outlet (0.127 mg/L)(Figure 32, Appendix A). These elevated averages were influenced by 
outlying values obtained during the March 2006 sampling visit, for which As concentrations of 1.0 
mg/L, 2.3 mg/L, 1.6 mg/L and 1.0 mg/L were recorded at the aforementioned locations respectively. 
Despite this median low flow values for As remained below ANZECC (2000) 95% trigger over the 
study period (Figure 32, Appendix A). The wetland did not consistently remove As in low flows 
(Figure 33), though had a significant effect (Wilcoxon P < 0.001) during high flows (Table 5).  
3.1.5.3 Chromium (Cr) 
 
Figure 34: Box plots and probability plots (log scale) for chromium (Cr) (mg/L) during low and high flow periods at the 
CD and LD inlets, Basin 6 (box plots only) and the wetland outlet, between May 2005 and June 2011 (+=max outlier, 
x = min outlier, n = 9 low flows and n = 9 for high flows). 
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Figure 35: Influent vs. effluent plots (Log scale) of chromium (Cr) (kg/day) during low and high flow periods (low n = 9, 
high n = 9). 
Median concentrations of Cr were at or below laboratory test detection limits in all periods (also 
0.001 mg/L) (Figure 34, Appendix A). Mean Cr concentration was above the ANZECC (2000) 95% 
trigger value for Cr VI of 0.001 mg/L during high flows at all sampling locations (Table 22) (Figure 34, 
Appendix A). No significant differences were apparent for Cr concentrations (Figure 35, Table 5). 
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3.1.5.4 Copper (Cu) 
 
Figure 36: Box plots and probability plots (log scale) for copper (Cu) (mg/L) during low and high flow periods at the 
CD and LD inlets, Basin 6 (box plots only) and the wetland outlet, between May 2005 and June 2011 (+=max outlier, 
x = min outlier, n = 9 low flows and n = 9 for high flows). 
 
Figure 37: Influent vs. effluent plots (Log scale) of copper (Cu) (kg/day) during low and high flow periods (low n = 9, 
high n = 9). 
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Median Cu concentration was above the ANZECC (2000) 95% trigger value of 0.001 mg/L for all 
periods (Figure 36, Appendix A). Peak concentrations occurred at the CD inlet (median 0.006 mg/L)( 
Figure 36, Appendix A). The wetland was successful in significantly lowering Cu concentration in 
both low and high flow periods (Table 5, Figure 37). 
3.1.5.5 Iron (Fe) 
 
Figure 38: Box plots and probability plots (log scale) for iron (Fe) (mg/L) during low and high flow periods at the CD 
and LD inlets, Basin 6 (box plots only) and the wetland outlet, between May 2005 and June 2011 (+=max outlier, x = 
min outlier, n = 6 low flows and n = 8 for high flows). 
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Figure 39:  Influent vs. effluent plots (Log scale) of iron (Fe) (kg/day) during low and high flow periods (low n = 6, high 
n = 8). 
No trigger value is provided for Fe (ANZECC 2000). Median Fe concentrations ranged from 0.43 to 
0.75 mg/L at all sampling locations (Figure 38, Appendix A). The highest concentrations were 
recorded at the LD inlet during high flows (Figure 38, Appendix A). There was some evidence of the 
removal of Fe by the wetland during high flows and a release of Fe during low flows (Figure 39) but 
these differences were not significant (Table 5).  
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3.1.5.6 Zinc (Zn) 
 
Figure 40: Box plots and probability plots (log scale) for zinc (Zn) (mg/L) during low and high flow periods at the CD 
and LD inlets, Basin 6 (box plots only) and the wetland outlet, between May 2005 and June 2011 (+=max outlier, x = 
min outlier, n = 9 low flows and n = 11 for high flows). 
 
Figure 41: Influent vs. effluent plots (Log scale) of zinc (Zn) (kg/day) during low and high flow periods (low n = 9, high 
n = 11). 
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Zinc concentration was higher than the ANZECC (2000) 95% trigger value of 0.008 mg/L at all 
locations for all periods (Figure 40, Appendix A). Average Zn concentrations were particularly 
elevated at the CD inlet during high flows (median 0.19 mg/L)( Figure 40, Appendix A). The removal 
of Zinc was recorded on most occasions during both low and high flows (Figure 41) and the 
differences in Zn concentration from LD inlet to outlet were statistically significant (Table 5).  
  Page | 70 
3.2 Did macrophyte loss affect nutrient treatment efficiency? 
                     
 
 
Figure 42: Influent vs. effluent plots (log scale) of total nitrogen (TN), oxidised nitrogen (NOx) and 
ammonia/ammonium nitrogen (NH3/NH4+)(kg/day) during low and high flow periods pre and post 2007 (low n = 23, 
high n = 39). 
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Figure 43: Influent vs. effluent plots (log scale) of total phosphorus (TP) and filterable reactive phosphorus (FRP) and 
(kg/day) during low and high flow periods pre and post 2007 (low n = 23, high n = 39). 
The treatment of TN and NOx does not appear to have been affected following the loss of emergent 
macrophyte cover that occurred from 2007 (Table 6, Figure 42). However, the significant increase in 
NH3/NH4+ concentration identified during high flows did occur after 2007, suggesting that the loss of 
emergent macrophytes had an effect on this parameter (Wilcoxon P < 0.01, Mann-Whitney P < 0.05) 
Table 6, Figure 42). The removal of FRP may have improved slightly during low flows post 2007 
(Wilcoxon P < 0.01) (Table 6, Figure 43). Otherwise there was no change evident in the treatment of 
phosphorus post 2007 (Table 6, Figure 43).  
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Table 6: Summary statistics of influent and effluent load (kg/day) for total nitrogen (TN), oxidised nitrogen (NOx), ammonia/ammonium nitrogen (NH3/NH4+), total 
phosphorus (TP) and filterable reactive phosphorus (FRP) during low and high flow periods pre and post 2007 (P = significant decrease, P = significant increase). 
Parameter Statistic  
Low pre 2007 Low post 2007 High pre 2007 High post 2007 
Inf. Eff. Inf. Eff. Inf. Eff. Inf. Eff. 
 Count 5 5 20 20 11 11 28 28 
TN Mean  1.78 1.38 0.95 0.88 25.36 16.04 17.21 13.42 
Upper, Lower 95% CI  2.33, 1.24 1.70, 1.06 1.41, 0.48 1.22, 0.54 36.45, 14.28 22.03, 10.05 21.79, 12.63 17.07, 9.78 
Median  1.68 1.27 0.54 0.68 22.44 14.83 13.12 10.94 
25th, 75th percentiles  1.33, 1.91 1.14, 1.71 0.15, 1.28 0.24,1.35 9.84, 39.18 8.23, 24.83 5.72, 27.37 5.51, 22.09 
Wilcoxon p-value  P < 0.001 0.05 < P < 0.10 P < 0.001 P < 0.001 
Mann-Whitney p-value  P > 0.1 P > 0.1 P < 0.02 0.05 < P < 0.10 
NOx Mean  0.5 0.03 0.24 0.07 15.66 8.85 8.25 6.24 
Upper, Lower 95% CI  0.77, 0.24 0.05, 0.01 0.44, 0.05 0.15, 0.02 24.42, 6.91 13.47, 4.23 11.07, 5.43 8.65, 3.84 
Median  0.47 0.02 0.09 0.01 10.29 8.58 7.6 4.33 
25th, 75th percentiles  0.27, 0.53 0.01, 0.06 0.02, 0.19 0.00, 0.02 4.63, 21.95 1.53, 15.38 2.82, 10.12 1.44, 8.22 
Wilcoxon p-value  P < 0.001 P < 0.001 P < 0.001 P < 0.001 
Mann-Whitney p-value  P < 0.02 P < 0.02 0.05 < P < 0.10 0.05 < P < 0.10 
NH3/NH4+ Mean  0.17 0.17 0.11 0.12 2.04 2.05 0.57 0.75 
Upper, Lower 95% CI  0.27, 0.06 0.36, -0.02 0.20, 0.02 0.18, 0.06 4.08, 0.00 4.09, 0.01 0.83, 0.32 0.98, 0.53 
Median  0.15 0.02 0.04 0.06 0.46 0.54 0.28 0.6 
25th, 75th percentiles  0.05, 0.26 0.02, 0.29 0.01, 0.11 0.01, 0.19 0.28, 1.02 0.30, 1.05 0.20, 0.61 0.28, 1.07 
Wilcoxon p-value  P > 0.2 P > 0.1 P > 0.2 P < 0.01 
Mann-Whitney p-value  P > 0.1 P > 0.1 P > 0.1 P < 0.05 
TP Mean  0.44 0.29 0.25 0.2 4.28 3.23 1.88 1.43 
Upper, Lower 95% CI  0.69, 0.19 0.50, 0.08 0.38, 0.12 0.30, 0.10 6.01, 2.55 5.04, 1.42 2.52, 1.23 2.01, 0.84 
Median  0.49 0.23 0.1 0.1 3.54 1.96 1.18 0.84 
25th, 75th percentiles  0.16, 0.64 0.13, 0.27 0.06, 0.42 0.04, 0.27 2.32, 5.96 1.46, 3.70 0.73, 2.73 0.58, 2.15 
Wilcoxon p-value  P > 0.2 P > 0.1 P < 0.001 P < 0.001 
Mann-Whitney p-value  P > 0.1 P > 0.1 P < 0.05 P < 0.05 
FRP Mean  0.35 0.15 0.19 0.13 3.51 2.59 1.04 0.82 
Upper, Lower 95% CI  0.61, 0.09 0.27, 0.03 0.31, 0.08 0.20, 0.05 5.30, 1.72 4.52, 0.66 1.45, 0.62 1.17, 0.46 
Median  0.34 0.11 0.05 0.05 2.2 1.32 0.59 0.46 
25th, 75th percentiles  0.07, 0.55 0.05, 0.15 0.03, 0.28 0.02, 0.17 1.85, 4.37 0.74, 2.25 0.35, 1.26 0.29, 0.88 
Wilcoxon p-value  P > 0.1 P < 0.01 P < 0.001 P < 0.01 
Mann-Whitney p-value  P > 0.1 P > 0.1 0.05 < P < 0.10 P > 0.1 
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3.3 What was the pattern and timing of loss of emergent macrophytes and did 
this correlate with any changes in the wetland?  
3.3.1 Emergent macrophyte cover 
 
Figure 44: Total cover (log scale) recorded for planted emergent macrophyte species from 2004 through 2010 (Ba = 
Baumea articulata, Br = B. rubiginosa, Bv =B. vaginalis, Ea = Eleocharis acuta  and  Sv = Schoenoplectus validus).  
The cover of all planted emergent macrophyte species declined dramatically during the study period 
(Figure 44).  The smaller emergent macrophytes species Baumea rubiginosa, B. vaginalis and 
Eleocharis acuta were recorded at less than 4%, 10% and 3% of their initial planted areas 
respectively by 2005 and less than 1% by 2008 (Figure 44). The cover of the larger B. articulata and 
Schoenoplectus validus remained relatively stable until 2008 (Figure 44), with the exception of 
stands within basins 1 and 4 closest to the wetland inlet which collapsed almost immediately in 
2006. In those deeper basins the emergent macrophytes only persisted around the shallow basin 
margins and submerged bunds. After 2008 the cover of B. articulata and S. validus also deteriorated 
significantly. By March 2010 the cover of B. articulata and S. validus had declined to less than 13% 
and 21% of their initial planting areas (Figure 44).  The decreasing trend in cover was significant for 
both species (B. articulata R2=0.81, P<0.05 and S. validus R2=0.75, P<0.05) over the study period. 
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3.3.2 Emergent macrophyte morphology and condition 
 
  
  
Figure 45: a) Healthy stand of S. validus (front) and B. articulata (rear) (April 2006); b) Collapsing stand of B. 
articulata (March 2010); c) Azolla bloom covering water surface (March 2004); d) Healthy stand of S. validus 
embedded in basin margin (April 2010); b) Individual of S. validus showing surface root biomass (February 2010); 
and c) Toppled individuals of B. articulata with surface root biomass (February 2010).  
The condition of emergent macrophytes was also observed to deteriorate during the study. Initially, 
stands of B. articulata and S. validus exhibited typical growth as demonstrated by the photo taken in 
2006 (Figure 45a). However, from 2007 onwards the macrophyte stands collapsed (Figure 45b). 
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Around this time the floating macrophyte Azolla sp. was observed to proliferate within the wetland 
during summer and autumn in most years (O’Hara and Ryan 2007) (Figure 45c). By 2010, the B. 
articulata and S. validus stands that persisted occurred at the basins edges (Figure 45d) or exhibited 
root biomass concentrated in the water column and above the water surface (Figure 45e). Stands 
with surface root biomass were poorly anchored and observed to topple following strong winds 
(Figure 45f).  
 
Figure 46: Average height (m) of emergent macrophyte species from 2005 to 2009 (Ba = Baumea articulata, Br = B. 
rubiginosa, Bv =B. vaginalis, Ea = Eleocharis acuta  and  Sv = Schoenoplectus validus) (error bars denote standard 
error, n = 9+, 3,12 and 9+ for Ba, Br, Ea and Sv respectively).  
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Figure 47: Average leaf stems per m2 of emergent macrophyte species from 2005 to 2009 (Ba = Baumea articulata, 
Br = B. rubiginosa, Bv =B. vaginalis, Ea = Eleocharis acuta  and  Sv = Schoenoplectus validus) (error bars denote 
one standard error,  n = 9+, 3,12 and 9+ for Ba, Br, Ea and Sv respectively).  
 
Figure 48: Proportion of new, mature, senescent and dead leaves from Baumea articulata and Schoenoplectus 
validus samples from 2005 to 2009 (n = 9).  
Data collected during Department of Water macrophyte sampling indicated a significant decreasing 
trend in the height of S. validus (R2 = 0.92, P=0.01 (Figure 46). Conversely stem density (Figure 47) 
and the proportion of dead leaves was observed to increase for both species, though these trends 
were not significant (Figure 48).  
  Page | 77 
In March 2010, the remaining clumps of B. articulata and S. validus had an average width of 0.5 m 
and average height of approximately 1.25 m and 1.45 m respectively (Table 7). Both species had 
adventitious roots within the water column and the majority of B. articulata and roughly half of S. 
validus clumps exhibited roots above the water surface. One third of the surveyed clumps of B. 
articulata were toppled. All surveyed S. validus clumps were observed to be upright. Surface water 
and sediment pH values were neutral, though lower adjacent to B. articulata. Redox potential 
adjacent to the sampled clumps were -102.5 ±34.7 mv and -228.1 ±6.7 mv for B. articulata and -11.4 
±15.9 mv and -214.7 ±55.9 mv for S. validus within surface waters and sediments respectively. 
Table 7: Results of March 2010 survey of emergent macrophyte clumps (brackets show standard error, n= 10 except 
for pH and redox where n=2).  
Parameter Baumea articulata Schoenoplectus validus 
width (cm) 51.2 (±6.3) 47.8 (±15.8) 
total height (cm) 203.8 (±18.9) 200.6 (±15.6) 
leaf length (cm) 102.7 (±6.5) 98.6 (±7.9) 
root length (cm) 42.3 (±4.6) 24.4 (±5.3) 
adjacent water depth (cm) 32.1 (±5.5) 29.1 (±3.0) 
surface root length (cm) 10.2 (±3.6) -4.7 (±5.3) 
pH - water 7.13 (±0.04) 7.38 (±0.04) 
pH - sediment 6.55 (±0.07) 7.01 (±0.13) 
redox potential (mv) - water -11.4 (±5.9) -102.5 (±34.7) 
redox potential (mv) - sediment -214.7 (±55.8) -228.1 (±6.8) 
3.3.3 Changes in sediment during macrophyte decline 
3.3.3.1 Volume 
In the survey undertaken in February 2010 unconsolidated sediment was recorded across 96% of 
the wetland’s surface flow basins (n=370). The unconsolidated sediments were on average 0.12 m ± 
0.00 m deep and occupied approximately one third of the basin profile. Based on a two hectare area, 
this equates to a sediment volume of approximately 2400 m3. Therefore there had been a substantial 
accumulation of sediments over the period of macrophyte decline. Sand was present beneath the 
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unconsolidated sediment at 18% of locations, with the remaining 82% of locations having a clay 
substrate. The sand substrates included material deposited from drainage flows and clean sand 
retrospectively added to basins 1 and 4 in 2009. 
3.3.3.2 Description 
 
Figure 49: Image of unconsolidated sediment within Liege St wetland (February 2010). 
The sediments were unconsolidated and black in colour (Figure 49). The unconsolidated sediments 
were strongly reduced (mean redox -192.9 ±4.8 mv) and had values for conductivity (1.3 ±0.03 
ms/cm) and pH (7.4 ±0.03) similar those recorded within the surface waters (section 3.1.2). 
Sediment analysis indicated organic carbon (TOC), Fe, Al, nitrogen (TN/TKN), phosphorus (TP), 
sulfur and Zn occurred with the greatest concentration. 
  Page | 79 
3.3.3.3 Organic carbon (TOC) 
 
Figure 50: Box plots and plot mean concentration over time (log scale) for iron (Fe) (mg/kg) within sediment samples 
from the CD and LD inlets, Basin 6 / Pond 3 and wetland outlet (+ = max outlier, x = min outlier, n = 5). 
Organic carbon concentration was highest near the LD inlet, with maximum concentration recorded 
in 2007 (111,300 ±25,700 mg/kg) (Figure 52).  
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3.3.3.4 Iron (Fe) 
 
Figure 51: Box plots and plot mean concentration over time (log scale) for iron (Fe) (mg/kg) within sediment samples 
from the CD and LD inlets, Basin 6 / Pond 3 and wetland outlet (+ = max outlier, x = min outlier, n = 5). 
Iron concentrations were relatively high with average values of 9,225, 19,269, 28, 871 and 26,250 
mg/kg near the CD and LD inlets, Basin 6 and outlet respectively (Figure 53).  
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3.3.3.5 Aluminium (Al) 
 
Figure 52: Box plots and plot mean concentration over time (log scale) for aluminium (Al) (mg/kg) within sediment 
samples from the CD and LD inlets, Basin 6 / Pond 3 and wetland outlet (+ = max outlier, x = min outlier, n = 5). 
Aluminium was also present at relatively high concentrations at most locations, with average 
concentrations of 5,344, 12,373, 17,667, and12,760 mg/kg recorded at the same locations (Figure 
54).  
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3.3.3.6 Zinc (Zn) 
 
Figure 53: Box plots and plot mean concentration over time (log scale) for aluminium (Al) (mg/kg) within sediment 
samples from the CD and LD inlets, Basin 6 / Pond 3 and wetland outlet (+ = max outlier, x = min outlier, n = 5). 
From 2007 onwards, Zn concentration was consistently above the ANZECC (2000) ISQG low trigger 
value (200 mg/kg) at the CD and LD inlets (Figure 53). Median and mean concentrations within 
Basin 6 were also above the ANZECC (2000) ISQG low trigger value. However, concentrations of 
Zn were consistently lower at the wetland outlet, only slightly exceeding the low trigger value in 2007 
and 2008.  
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3.3.3.7 Sulfur (TS, SCr and AVS) 
 
 
Figure 54: Box plots and plot mean concentration over time (log scale) for total sulphur (TS) (mg/kg) within sediment 
samples collected from the CD and LD inlets, Basin 6 / Pond 3 and wetland outlet 21st April 2011 (+ = max outlier, x = 
min outlier, n = 23). 
Analysis of sulfur compounds within unconsolidated sediments indicated 1.33% ±0.18% of total 
sulfur (TS) and 1.12% ±0.18% chromium reducible sulfur (SCr) in excess of acid sulfate soil 
guideline value for fine sediment of ≥ 0.1% (Ahern et al. 1998) (Figure 56). The higher proportion of 
SCr (1.12 ±0.16) compared to acid volatile sulfur (AVS) (0.04 ±0.00) within the samples indicated 
the majority of inorganic sulfur within the sediment was present as iron pyrite (FeS2). 
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3.3.3.8 Nitrogen (TKN and TN) 
 
Figure 55: Box plots and plot mean concentration over time (log scale) for nitrogen (TKN/TN) (mg/kg) within sediment 
samples from the CD and LD inlets, Basin 6 / Pond 3 and wetland outlet (+ = max outlier, x = min outlier, n = 5). 
The concentration of nitrogen (TKN/TN) was greatest near the LD inlet (median 6200 mg/kg) and 
lowest at the CD inlet (median 629 mg/kg)(Figure 55). Nitrogen (TKN/TN) concentration at the 
wetland outlet (median 955 mg/kg) was predominantly lower compared to the LD inlet and Basin 6 
(median 2700 mg/kg). 
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3.3.3.9 Phosphorus (TP) 
 
Figure 56: Box plots and plot mean concentration over time (log scale) for phosphorus (TP) (mg/kg) within sediment 
samples from the CD and LD inlets, Basin 6 / Pond 3 and wetland outlet (+ = max outlier, x = min outlier, n = 5). 
The concentration of phosphorus (TP) within the sediment was greatest within Basin 6 (median 395 
mg/kg) and lowest at the CD inlet (median 134 mg/kg)(Figure 56).  
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3.3.4 Sediment phytotoxins 
 
Figure 57: Box plots and plot mean concentration over time (log scale) for sulphide (S2-), sulphate (SO42+), dissolved 
organic carbon (DOC), dissolved iron (Fe) and dissolved aluminium (Al) (mg/kg) within sediment samples collected 
from the CD and LD inlets, Basin 6 / Pond 3 and wetland outlet 21st April 2011 (+ = max outlier, x = min outlier, n = 
23). 
Dissolved sulfide (H2S/HS-/S2) concentrations within sediment porewater (median 0.008 mg/L, mean 
0.01 mg/L ±0.001) were higher than ANZECC ANZECC (2000) trigger values for 95% species 
protection (0.001mg/L)(Figure 57). Analyses also indicated the availability of sulfate (SO42-) (62.80 
±9.97 mg/L) and dissolved organic carbon (DOC) (3.96 ±1.62 mg/L), coupled with a lower 
concentration of dissolved metals (mean Fe2+ 0.03 ±0.005 mg/L).  
3.4 How might the wetland be manipulated to restore emergent macrophytes? 
3.4.1 Depth, profile and physiochemical parameters 
Depths remained stable within the experimental enclosures averaging 0.36 ±0.02 m in the 0.35 
treatment and +0.06 ±0.03 m in the +0.05m treatment for the duration of the trial.  For the final 
sampling event (21st of January 2011), the water level had receded approximately 0.1 m below the 
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substrate surface within the +0.05m treatment enclosure. Substrate redox potential measurements 
were significantly higher in the +0.05m treatment (n=5, -83.6 ±3.1 mv) compared to the -0.35m 
treatment (n=4, -208.8 ±10.7 mv) when this was assessed during the trial (16th of December 2010) 
(two tailed t-test, P<0.01). The redox values for the -0.35m treatment were consistent with values 
previously recorded within the wetland (<-190 mv).  
3.4.2 Macrophyte growth 
 
Figure 58: Mean number of leaves per plant and leaf condition score (error bars denote standard error, n = 10). 
Leaf counts (per plant) increased from the first and last sample dates for the -0.35m (8.5 to 12.5) 
and +0.05m (8 to 26.5) treatments, but only significantly in the +0.05m treatment (paired t-test, 
P=0.96, P=<0.01) respectively) (Figure 58). The proportion of dead, mature and senescent leaves 
did not vary significantly for the -0.35m treatment, although significant differences in the proportion of 
new and mature leaves were evident for the +0.05m treatment (P=<0.01) which increased by 
approximately 700% during the trial. Leaf lengths in the -0.35m and +0.05m treatments initially 
decreased, then steadily increased over the study period. However, this variation was not significant 
for either treatment between the first and final sampling dates (P=>0.1).  
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Figure 59: Mean leaf and root biomass (per plant) (g) (error bars denote standard error, n = 10). 
Both above and below ground sample dry weights for the +0.05m treatment decreased slightly, then 
increased steadily over the study period. A significant increase between the first and last sample 
date was observed in dry weight measurements for above and below ground samples for the 
+0.05mm treatment (P=<0.01) (Figure 59). Dry weight measurements for -0.35m treatment leaf and 
root samples did not vary significantly over the trial (P=>0.1). 
  
  Page | 89 
4 Discussion 
4.1 Was the wetland effective in removing nutrients and contaminants since its 
inception (2005-2011)? 
The wetland was successful in removing nutrients and contaminants, though only for NOx during the 
target low flow period.  Significant removal of Cu, Zn, TN, TP and FRP was identified from the LD 
inlet to the wetland outlet during high flows. Significant removal of NOx was achieved during all 
periods, but most effectively during low flows. In contrast NH3/NH4 concentration was shown to 
increase significantly through the wetland during high flows. 
The significant removal of NOx by the Liege St wetland is unsurprising given the anaerobic 
conditions that prevailed.  Water quality sampling showed the surface waters of the wetland were 
low in dissolved oxygen, in particular during low flow periods. Dissolved oxygen was also absent 
from the strongly reduced sediment.  Low dissolved oxygen is a typical feature of surface flow 
constructed wetlands, especially in the lower portion of water columns (Vymazal 2010b). It is the 
maintenance of anaerobic conditions in these wetlands that facilitates the removal of many nutrients 
and contaminants, in particular NOx (Kadlec et al. 2000, Kadlec and Wallace 2008a).  
A redox potential of between 100mv and 350mv is required for denitrification (NOx → N2) and as 
redox was much lower than this within the wetland any available NOx would have been utilised 
quickly. The NOx removal rates achieved during low flows were consistent with the performance of 
wetland basins in other locations (International Stormwater BMP Database 2012). During high flows 
removal was more similar to the performance of a detention basin best management practice (BMP) 
type rather than a wetland basin (International Stormwater BMP Database 2012).  
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The removal of Cu, Zn, TP and FRP during high flows was similar to that achieved in constructed 
wetland basin BMPs in other locations (International Stormwater BMP Database 2012). However, 
the removal of TN is not commonly achieved by wetland basins (International Stormwater BMP 
Database 2012). In fact, TN has often been shown to increase through constructed wetlands and 
significant increases have been reported from detention basins BMPs (International Stormwater 
BMP Database 2012). It is possible that the lower concentration of TN at the CD inlet has influenced 
outlet concentrations during high flows by dilution to effect this outcome in the Liege St wetland.    
The significant increase in NH3/NH4+ observed through the wetland during high flows is also 
consistent with the performance of constructed wetlands in other locations (International Stormwater 
BMP Database 2012). Increases in NH3/NH4+ concentration result in treatment wetlands where 
organic material is decomposed in anaerobic conditions.  However, the increase in NH3/NH4+ 
through the Liege St wetland may have also been influenced by inputs at the CD inlet, where 
concentrations of NH3/NH4+ were consistently higher.  
However, due to the consistently low redox potential within the wetland, nitrification (NH4+→ NOx) 
would have been limited. The higher pH required for NH3 volatilisation (NH4+→NH3) was also not 
identified during monitoring (waters remained near neutral). So it likely that there were limited 
pathways for the removal of NH3/NH4+ from the wetland waters. As a consequence, the anaerobic 
decomposition of organic material within the wetland lead to the accumulation of NH3/NH4+ within 
surface waters and sediments and higher concentrations of NH3/NH4+ at the wetland outlet.   
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4.2 Did macrophyte loss affect treatment efficiency? 
The nutrient treatment efficiency of the wetland did not differ greatly pre- or post-2007, when 
emergent macrophyte cover was shown to decline (section 3.2.1). Most notably, a significant 
increase in NH3/NH4+ concentration during high flows was recorded after 2007. Loss of emergent 
macrophytes correlated with changes in nitrogen removal consistent with the increasingly reduced 
conditions. It was considered that the broadscale deoxygenation of the wetland was detrimental both 
to its nutrient removal capacity and biodiversity attributes. Loss of macrophyte cover would result in 
substantial inputs of organic material which, during decomposition, would have led to greater 
reduction of redox and increased NH3/NH4+ through both chemical effects and input directly from 
decomposition for the plants. The strongly reduced conditions that had developed within the wetland 
would also have precluded the aerobic processes required for the removal of significant quantities of 
NH3/NH4+. The combined effect of these changes and ongoing organic material inputs was to make 
the wetland a source of NH3/NH4+. 
It was also possible that the low redox potential of the sediments within the wetland would lead to 
the release of FRP (PO43-) from sediments (Wu et al. 2013). However, there was no evidence that 
phosphorus release was occurring during the study. In fact the removal of FRP appeared to improve 
through the wetland during low flows post 2007. This may suggest that phosphorus removal was 
primarily through physical means (sedimentation) rather than chemical.  
Ultimately, any inferences on the effect of the loss of macrophyte cover to treatment efficiency are 
hampered by the limitations of the study design. The observations of the study were not replicated 
and as such, it is not possible to rule out that the changes to treatment efficiency, or lack thereof, 
were influenced by other factors. For example, the increase in NH3/NH4+ concentration during the 
  Page | 92 
study may have simply been a result of the maturation of the wetland over time. Certainly, similar 
increases to NH3/NH4+ are routinely reported for comparable constructed systems (Water 
Environment Research Foundation 2012). The elevated sulfide concentrations implicated in the 
dieback of the emergent macrophytes may also have limited treatment processes, as sulfides have 
been shown to affect a wetlands ability to remove nitrogen and carbon (Wiessner et al. 2008).  
Moreover, it is not known what treatment efficiencies would have been achieved had the macrophyte 
cover been maintained. Therefore it can’t be not known if “no change” to treatment performance was 
in itself an effect. Conversely, measurements of emergent macrophyte cover pre and post 2007 may 
not have been a good indicator of changes to the biogeochemistry of the wetland. Mapping indicated 
the cover of the larger emergent macrophyte species Baumea articulata and Schoenoplectus validus 
was maintained from 2005 to 2007. However, their growth habit was unusual within the surface flow 
basins, where plants often had root biomass concentrated in the water column or above the water 
surface (section 3.2.2).  Due to their unusual growth habit it could be assumed the function of these 
plants may have been impaired. For example, they may not have properly maintained an oxidized 
rhizosphere within wetland sediments and thus may not have had a strong influence on nutrient or 
contaminant removal.   
Another difficulty in interpreting the study is that un-vegetated stormwater detention basins have a 
demonstrated capacity to effect nutrient and contaminant removal in their own right (Water 
Environment Research Foundation 2012) . Even without emergent macrophyte cover the Liege St 
wetland would therefore be expected to provide some treatment effect due to physical and 
biogeochemical processes that occur in standing waters and saturated sediments (Faulwetter et al. 
2009). The importance of emergent macrophytes to nutrient and contaminant treatment is well 
established (Brix 1997), and it is therefore likely that the treatment function of the Liege St wetland 
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was impaired by the loss of emergent macrophyte cover. Unfortunately, due to the limitations 
describe above, these effects were not visible to this study.  
4.3 What was the pattern and timing of loss of emergent macrophytes and did 
this coincide with any changes in the wetland?  
The cover of the smaller emergent macrophyte species (Baumea rubiginosa, B. vaginalis and 
Eleocharis acuta) was negligible after the first year, while the cover of the larger species (B. 
articulata and S. validus) declined rapidly from 2007 onwards (section 3.2.1). The two larger species 
tended to persist around the margins of the basins or by growing through the water column on 
stacks of root biomass (section 3.2.2). This pattern of change suggested that water depth was 
impacting the emergent macrophytes.  
The emergent macrophyte species had been selected in the expectation they would grow in the 
designed water depths of the surface flow basins. In particular, it was anticipated B. articulata and S. 
validus would have persisted as they can accommodate depths of more than one metre (Froend et 
al. 1993). However, the surface flow basins of the wetland remained permanently inundated, which 
increases the likelihood of stress to emergent plants as reduction potentials increase over time. 
Therefore, even shallow permanent water can exceed the tolerance of some emergent macrophytes 
to decreasing redox potential. It is likely that the low flow water depths of approximately 0.45 m that 
occurred in the wetland were greater than considered optimal for the selected species, particularly in 
a constructed wetland, where contaminant inputs and associated reduction intensity are increased 
(Greenway 2003).  
It was also possible that the clay substrate directly impeded the growth of the emergent macrophytes 
by limiting root mass. Certainly the growth habit of plants within the surface flow basins suggested 
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that more root growth was occurring above the clay substrate rather than within it. However, both B. 
articulata and S. validus were observed to grow in the same in situ clay around the basin margins.  
Therefore it is unlikely that the clay substrate, by itself, was a cause of the poor emergent 
macrophyte survival.  
The most notable change that occurred within the wetland as the emergent macrophytes collapsed 
was the formation of the unconsolidated sulfidic sediments. The sediments were strongly reduced 
(<-200mv) and determined to consist predominantly of organic carbon and iron pyrite (FeS2) (section 
3.3.3).  By 2011 the sediments occupied a third of the total volume of the surface flow basins, which 
represents a substantial accumulation of this material within the wetland.  
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Figure 60: Conceptual model of emergent macrophyte habit relative to water and sediment depths, determined during 
surveys undertaken in 2011 summer period. 
A link between the sulfidic sediments and the decline of the emergent macrophytes was supported 
by the pattern of growth and decline observed during the study.  Ultimately, the macrophytes only 
persisted where their roots were not in contact with the unconsolidated sediments. This included 
areas along basin margins, or within basins where clumps remained with a major proportion of root 
biomass in the water column (surface roots) rather than within the sediment layer (Figure 60). 
Sulfides and other compounds present within strongly reduced environments are known to be toxic 
to plants (Koch and Mendelssohn 1989, Lamers et al. 2013). Consequently, the loss of the emergent 
macrophytes is thought to be directly associated with the formation of these sediments.   
4.4 What were the key parameters driving macrophyte decline?    
The formation of the unconsolidated sulfidic sediments within the Liege St wetland was a result of a 
combination of factors, including the designed system hydraulics, the characteristics of the 
Substrate surface  
Low water level 
Strong reduction  
Anaerobic processes 
High water level  
Poor condition  
Surface root biomass  
Phytotoxins 
Survival on margins  
Sediment 
  Page | 96 
catchment and resulting stormwater inputs. Low redox potentials are required before sulfur reduction 
will occur (Reddy and DeLaune 2008) and these developed within the wetland for two reasons. 
Firstly, the designed hydraulics resulted in permanent inundation of the wetland which restricted the 
supply of oxygen to the sediments (Pezeshki 2001, Reddy and DeLaune 2008). Secondly, inputs of 
organic material meant that the demand for electron receptors was extreme, resulting in an 
increased reduction intensity.  The subsequent phyto-toxicity of dissolved sulfides and other by-
products of anaerobic metabolism present in the strongly reduced sediments then provides the most 
likely cause for the emergent macrophyte decline.  
4.4.1 Hydraulics 
In the south west region of Western Australia most rainfall occurs from late autumn to spring, though 
it can occur throughout the year and successive months without rain are also not uncommon 
(Bureau of Meteorology 2013). Consequently stream flow will often cease during summer in 
response to a lack of runoff.  However, inflow to the Liege St Wetland was all but continuous.  
The continuous inflow likely reflects the interaction of groundwater with the stormwater system, 
which was in part designed to drain seasonally waterlogged areas. It may also be that urban runoff, 
such as from irrigated garden and commercial sources within the catchment has contributed to 
inflow during periods of low rainfall. The relative contributions of these potential sources are 
unknown. However, the continuous feed to the wetland that occurred had an important impact on the 
function of the wetland as, it resulted in all surface flow basins remaining permanently inundated 
(section 3.1.1.1). The permanent inundation restricted oxygen supply, thereby facilitating the 
development of strongly reduced conditions and ultimately the formation of the sulfidic sediments 
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4.4.2 Water Quality 
A variety of contaminant parameters were recorded at concentrations above ANZECC (2000) trigger 
values for 95% species protection, including metals (Al, Cu, Fe, and Zn), nutrients (TN, TP and NH4) 
and organic material (BOD5 and DON). Elevated contaminants are a typical feature of urban 
catchments (Beck and Birch 2012a) and were expected as befits the purpose of the wetland as a 
stormwater treatment system. The specific types of contaminants recorded were neither unusual in a 
catchment that includes urban land use and light industry (Beck and Birch 2012a, Tafuri and Field 
2012), nor were they present at concentrations at which impacts to plant health might be suspected. 
Vegetation within treatment wetlands is credited with the removal of a range of contaminants and 
wetland systems have been demonstrated to accommodate much higher concentrations than 
recorded here (Kadlec and Wallace 2008a).  
However, the elevated inputs of organic material were likely an important influence on wetland 
conditions, in particular to dissolved oxygen concentrations and reduction intensity. The effect of the 
organic material inputs to the permanently inundated wetland was to promote sustained anaerobic 
conditions and strong sediment reduction. The evidence for this is was provided by the significant 
negative effect the wetland had on DO% from the LD inlet to the outlet. This effect was apparent 
throughout the year but was most dramatic during low flows when physical aeration was restricted.  
The fact that the DO% was low was not itself unusual for a constructed wetland (Kadlec et al. 2000, 
Water Environment Research Foundation 2012). However, the biological oxygen demand (BOD5) 
concentrations measured within the Liege St wetland were exceptional for a stormwater system 
(ANZECC 2000). Inputs of organic material were particularly elevated at the CD inlet, where BOD5 
was recorded as high as 60 mg/L, or in excess of concentrations expected for treated sewage 
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(EPHC 2006). Dissolved organic carbon (DOC) was also consistently elevated levels at both inlets, 
though concentrations were highest at the LD inlet.  
The relatively lower DOC but elevated BOD5 recorded at the CD inlet suggests that organic carbon 
inputs from this inlet are more labile, or more easily consumed by microbes. The CD inlet conveys 
stormwater from a nearby shopping centre and it is suspected that food waste or similar organic 
carbon contaminants are entering the drainage system from this area.  The lower concentration of 
organic carbon noted within sediment samples at Basin 6 and the wetland outlet compared to the 
inlets, indicates that deposition of organic material was also occurring from the catchment. However, 
some of the organic carbon present within the sediments was also likely to have been internally 
sourced through the production of plant biomass, including the initial growth of the planted emergent 
macrophytes and the floating macrophyte Azolla sp. which was frequently observed during the study 
period. Excluding inputs of food waste, this additional organic material was likely to have been fueled 
by the elevated nutrient inputs in the catchment.   
A second important input to the wetland was sulfate. Sulfur is a relatively commonly occurring 
element and is typically readily available compared to other inorganic compounds that can be 
utilised during respiration  (Reddy and DeLaune 2008). However, the predominance of potential acid 
sulfate soils within the Liege St catchment meant that there was particularly large stores of sulfur 
present. Globally, sulfur inputs to aquatic systems, and in particular freshwater wetlands, have also 
increased substantially in the last century (Lamers et al. 2013). These increases are due to 
anthropogenic sources such as the combustion of fossil fuels and the lowering of groundwater for 
urban development and agriculture (Lamers et al. 2013), such as in areas like the Liege St 
catchment containing potential acid sulfate soils.  The strongly reduced conditions within the Liege 
St Wetland indicate that the supply of alternative electron receptors was limited and sulfur reduction 
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was a primary microbial metabolic process occurring within the wetland. In combination with the 
designed permanent inundation, the inputs of organic material and sulfur resulted in the strongly 
reduced conditions that led to the formation of sulfidic sediments. 
4.4.3 Sediment  
Pyrite is a commonly occurring sulfidic mineral that forms through the reaction of dissolved sulfides 
(HS-/S2-) and ferrous iron (Fe2+) (Hurtgen et al. 1999 , Smith and Melville 2004). The formation of 
pyrite is a natural process that results in the black colour of many wetland soils. In reduced 
environments pyrite is a stable mineral; though when aerated it will rapidly oxidise to produce iron 
oxides and sulfuric acid and is therefore considered an acid sulfate soil (Department of Environment 
2004). Large volumes of sulfidic sediment (approx. 900 m3) had been removed from the drains within 
the study site during the construction of the wetland (Department of Environment 2004). The rapid 
re-accumulation of the unconsolidated sulfidic sediments demonstrates that sulfur reduction was a 
favoured metabolic process within the wetland. 
Sulfur reduction typically occurs at redox potentials below -100 mv, when the availability of other 
inorganic electron receptors, such as NOx, Mn or Fe, is limited (Reddy and DeLaune 2008). The 
reduction of sulfur is facilitated by sulfur-reducing anaerobes that utilise sulfate (SO42-) as an 
electron receptor during respiration, resulting in the production of hydrogen sulfide (H2S).  Sulfur 
reduction rates are governed by the presence of organic material, the availability of sulfate and 
alternative reductants, and pH (Azzoni et al. 2001 ). The highest rate of sulfur reduction is known to 
occur at near neutral pH values, such as recorded within the wetland (Mitsch and Gosselink 2007).  
A proportion of hydrogen sulfide produced in wetlands diffuses into the atmosphere as part of the 
sulfur cycle. However, without interference from other factors, dissolved sulfides (HS-/S2-) will tend to 
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accumulate in wetland soils (Mitsch and Gosselink 2007).  These dissolved sulfides will react with 
many metals to form stable, insoluble sulfidic compounds (Faulwetter et al. 2009); and it is  likely 
other metals recorded during the study, such as Al, Cu, Pb, and Zn, were present as insoluble 
sulfidic compounds within the unconsolidated sediments. However, where sulfide production 
exceeds the availability of metal cations, free dissolved sulfides will also accumulate in sediment 
pore-water where they can have toxic effects (Armstrong et al. 1996a, Smolders and Roelofs 1996 , 
Azzoni et al. 2001 , Lamers et al. 2013, Wu et al. 2013).   
Furthermore, the decomposition of excess organic material can affect a self-reinforcing feedback, 
where vegetation dieback releases additional organic matter, resulting in further substrate reduction, 
phytotoxin production and plant death (Armstrong et al. 1996a, Smolders and Roelofs 1996 , Azzoni 
et al. 2001 , Lamers et al. 2013, Wu et al. 2013). The pattern of collapse characterised in this study 
(Figure 45) suggests that a similar scenario occurred within the Liege St. Wetland. Wherein the 
impact of organic material and sulfate inputs from the catchment was compounded by the decay of 
internally sourced organic material produced by the initial growth of the emergent macrophytes, 
resulting in a strongly reduced, toxic environment. 
4.4.4 Phytotoxins 
The decline of the emergent macrophytes within the wetland was likely the cumulative result of 
multiple stressors, but in particular sulfides and reduced organic compounds. Dissolved sulfides are 
toxic to plants as they can inhibit enzymes involved in photosynthesis (Pezeshki et al. 1988), 
reducing the capacity of roots to respire and take up nutrients (Cronk and Fennessey 2001), and 
may also bind with iron compounds within plant tissue, interfering with cell metabolism (Kilminster 
2006).  Plants cannot easily control the uptake of sulfides, and plants growing in sulfidic soils often 
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contain high concentrations of sulfur (Cronk and Fennessey 2001). Many studies have shown a 
correlation between elevated sulfide concentrations and lower vegetation productivity (Pearson and 
Havill 1988, Koch and Mendelssohn 1989, Lamers et al. 2013), as well as vegetation dieback 
(Armstrong et al. 1996b, Smolders and Roelofs 1996 ).  
Dissolved sulfide was measured at 0.01 mg/L within sediment pore-water in the Liege St wetland. At 
this concentration impacts to the emergent macrophytes are likely as the accumulation of reduced 
sulfur generally causes plants stress (Lamers et al. 2013).  Similar studies have shown dissolved 
sulfide between 0.01 mg/L and 0.1mg/L are detrimental to similar emergent macrophytes as planted 
in the wetland Pezeshki et al. (1988) Armstrong et al. (1996a). In comparison the concentrations 
recorded within the Liege St wetland are not extreme. Nevertheless, the 0.01 mg/L the concentration 
of sulfides measured within sediment pore-water in the Liege St. Wetland was considered sufficient 
to have impacted the emergent macrophytes.  
Reduced organic compounds such as ethanol, acetaldehyde and organic acids are also common 
products of the anaerobic decomposition of organic material (Reddy and DeLaune 2008). They are 
commonly produced by fermentative bacteria which derive energy from relatively complex organic 
compounds. These organic acids are phytotoxic and have been linked to the decline of emergent 
macrophytes under certain conditions (Armstrong et al. 1996a, Armstrong et al. 1996b).  The amount 
and type of organic material undergoing decomposition affects the level of toxin production (Barko 
and Smart 1983). The fermentation of more refractory forms of organic material, such as cellulose 
and lignin, can result in the production of toxic fatty acids, such as acetic, butric, proponoic, and 
caproiec acids, which have been associated with the dieback of emergent macrophytes (Kovacs et 
al. 1989, Armstrong et al. 1996b). Acetic acid, for example, has been identified as a significant 
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phytotoxin in strongly reduced environments where it can result in restricted root growth, root bud 
death and internal restricted aeration pathways in emergent macrophytes (Armstrong et al. 1996a).  
Typically, the concentration of reduced organic compounds is regulated by microbial consumption, 
such as by nitrate, manganese, iron or sulfur reducers. These types of microbes cannot obtain 
energy from complex organic molecules and require the activity of fermentative bacteria to break 
organic material into simple compounds before they can be consumed (Reddy and DeLaune 2008). 
However, as sulfur reduction was the primary metabolic process occurring within the wetland the 
consumption of these compounds would have been slower than if, for example, nitrification or iron or 
manganese reduction was occurring. For this reason it is likely that reduced organic compounds 
were present in elevated concentrations within the surface flow basins where they would also have 
impacted on the emergent macrophytes.  
4.5 How might the wetland be manipulated to restore emergent macrophytes? 
Primarily, emergent macrophytes withstand the accumulation of these sediment toxins through the 
diffusion of oxygen from their roots, which creates a protective oxidised zone in the surrounding soil 
(Cronk and Fennessey 2001). The capacity for root zone aeration differs across species due to 
morphological differences, with larger species that possess open, often pressurised, culms and 
aerenchymous tissue generally having a greater ability to generate oxygen diffusion (Cronk and 
Fennessey 2001). The greater persistence of B. articulata and S. validus compared to the other 
emergent macrophytes was most likely the result of the superior aeration capacity of these species.  
Nevertheless, radial oxygen loss is rarely sufficient to oxidise sustained inputs of sulfides (Cronk and 
Fennessey 2001). As no evidence was found of root zone oxidation during macrophytes surveys 
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(absence of iron plaques), it was concluded that the strong reduction of the sediments had exceeded 
the ability of the emergent macrophytes to maintain an oxidised rhizosphere.    
To improve growth of the emergent macrophytes within the wetland adaptive changes to design 
parameters were required to limit the reduction intensity within the sediment. Increasing aeration 
within the basins was identified as an obvious solution, affecting an increase in redox potential 
through the introduction of oxygen. Mechanical aerators can provide this, and fountains, bubblers or 
other devices are often installed within constructed wetlands to increase aeration. Mechanical 
aerators were trialed within the Liege St. Wetland, yet the effects proved localised and passive 
aeration was preferred to reduce ongoing maintenance costs.   
Restricting water depths was proposed as a practical solution to passively increase aeration. The 
restriction of air supply to the root zone is a key stressor of wetland vegetation and emergent 
macrophyte decline often occurs first in deep water habitats (Cronk and Fennessey 2001). However, 
the limited invert of the wetland above the adjacent Canning River (~0.55 mAHD) meant there was 
limited scope to affect water depth by adjusting water levels alone. Additionally, due to the risks 
involved in oxidising the potential acidity within the unconsolidated sediments, maintaining the 
existing water levels was considered desirable.  A solution was proposed to reduce water depth 
through the addition of sand to raise the height of basin floors.  
Applying an active adaptive management approach, a trial was devised in this study to test the effect 
of raising the basins on the growth of emergent macrophytes. The outcomes of the trial 
demonstrated emergent vegetation growth could be improved by a manipulation of the depth and 
duration of inundation within the wetland. In the passively aerated +0.05m treatment, the upper 
portion of the substrate was exposed to the atmosphere at low water levels, fostering less reduced 
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conditions within the substrate profile (>-100 mv). The growth values recorded for the emergent 
macrophyte species B. articulata were greater within the +0.05m treatment compared to the control -
0.35m treatment, which was representative of the existing strongly reduced conditions within the 
wetland (~-200 mv). In -0.35m treatment the B. articulata seedlings failed to grow, as had previously 
been observed in the decline of emergent vegetation. In contrast a significant positive effect was 
identified for the +0.05m treatment in regards to leaf production, condition and above and below 
ground biomass production.  
 
 
Figure 61: Hypothesised effect of reducing summer low water levels on macrophyte growth within the Liege St. 
Wetland.  
At the redox potentials recorded within the +0.05m treatment, sulfur reduction and the formation of 
pyrite would be interrupted, and as a result of the weaker substrate reduction, the redox gradient 
within the emergent macrophyte root zone was lessened.  This would correspond to a lower 
reduction intensity and decreased likelihood for the excessive production of phytotoxic reductants. 
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In 2011, the wetland was reengineered in a similar manner to the changes proposed in the growth 
trial. Surface flow basin floors were raised such that summer water depths were approximately 
0.10m throughout the surface flow basins. Tube stock of B. articulata and S. validus were then 
replanted and, despite interference from purple swamphens (Porphyrio porphyrio), stands of these 
species appear to be establishing well. In the future it will be possible to evaluate whether the design 
modifications have been effective in sustaining habitat for the emergent macrophytes and 
importantly whether their inclusion has improved the efficiency of nutrient and contaminant 
treatment.  
4.6 What are the implications and trade-offs of this intervention? 
As a management solution, lowering water depths to increase the passive aeration of the surface 
flow basin sediments comes with certain trade-offs. For this study reinstating the emergent 
macrophyte cover was the priority. However, the recommended changes to basin heights would 
involve a corresponding reduction in the volume of water within the wetland. As hydraulic capacity is 
also an important parameter for achieving nutrient and contaminant treatment ((Kadlec and Wallace 
2008b, Tanner and Kadlec 2013)) this change could in itself result in a limitation to treatment 
efficiency. Given the physical constraints of the study site, this trade-off between improved biological 
treatment processes and decreased hydraulic capacity may be unavoidable. Nonetheless, it is 
acknowledged that other options such as source control, pre-treatment, manipulation of feeding 
mode and flow regime or even species substitution could have been employed to encourage 
macrophyte growth and or improve treatment efficiency (Stein et al. 2003, Tanner and Kadlec 2013).   
Crucially, a reduction in the volume of the wetland could compromise its objective to provide flood 
mitigation during high rainfall events. However, as the wetland is located close to the receiving 
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Canning River, and includes a significant additional capacity across the surrounding floodplain, any 
effect on flood storage would be minor. Shallower basins may also hasten infilling of the wetland by 
sedimentation, restricting the operational lifetime of the wetland or requiring expensive earthworks 
are undertaken more frequently. However, the wetland has a sediment fore-bay at the LD inlet 
(Figure 4) from which sediment is removed annually and therefore the potential for sediment to fill 
the surface flow basins is restricted.   
Whether volume is more crucial to treatment efficiency than having complete cover of emergent 
macrophytes is debatable (Kadlec and Wallace 2008d), though outside the scope of this study. The 
benefit of emergent macrophytes to nutrient and contaminant removal is well established. However, 
consideration of wetland size to catchment area ratio, contaminant loading rates and hydraulic 
residence time is required to optimise contaminant treatment (Kadlec and Wallace 2008d). For the 
Liege St wetland invert levels of the LD drain outlet are a crucial limitation as waters could not be 
impounded to height which could result in flooding to the surrounding urban land uses. Were this not 
the case flows could be directed onto the floodplain adjacent the surface flow basins more regularly 
providing a much larger area and volume for treatment of stormwater events. As it is the floodplain is 
only inundated for short periods during maximal high flows.  
Probably, the biggest concern for lowering basin depths is weed growth, particularly where basins 
are lowered to a point that they are exposed during low flows. Weed management can be costly and, 
due to the existence of many weeds in the Canning River and surrounding urban catchment, many 
opportunities exist for weed proliferation within the wetland. As biodiversity enhancement was an 
objective of the wetland it is unlikely that excessive weed cover would be acceptable. However, 
weed growth may not impact nutrient or contaminant treatment and as such the significance of this 
issue would need to be evaluated by managers if it arose.  
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Certainly, alternative emergent macrophyte species, or even floating macrophytes, may have 
performed better within the strongly reduced surface flow basins. Due to the objective of the wetland 
to enhance biodiversity values, only a limited number of native species were selected for use within 
the wetland. However, both the native Typha domingensis Pers. and non-native T. orientalis C.Presl 
grow within the adjacent Canning River. These species are invasive and often controlled by wetland 
managers as weeds. Nevertheless, both have a large capacity for root zone aeration allowing them 
to inhabit deeper and more strongly reduced environments (Aldridge and Ganf 2003, Greenway 
2003, Lai et al. 2012).  While arguably incompatible with biodiversity goals, selecting emergent 
macrophytes with a greater tolerance for permanent inundation is a potential alternative design 
modification. 
Finally, it may be possible to reduce the sulfide toxicity of inflows through controlling contamination 
at the source control, or through chemical treatment prior to inflow. These options may be feasible 
though would require consideration of logistics and cost. As explained this study was focussed on 
emergent macrophyte cover and the key parameters involved in its decline within the Liege St 
wetland. The wetland was itself a capital works project aimed at protecting the Canning River from 
stormwater contaminants. However, the managers were aware that more was required to limit 
nutrient and contaminant inputs than the construction of wetland at the bottom of the catchment.  
Given the obvious impact of the shopping precinct on the Cochram Sat Drain and the consistently 
elevated contaminants from flows out of the Liege St Drain catchment, future work is still required to 
restrict the impact of these drains on the Canning River.  
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4.7 Limitations of this study and future work 
This study was limited in several important ways. Firstly, the adaptive approach applied was more 
reactive than active and was undertaken pragmatically, utilizing existing monitoring data and a series 
of field investigations on a limited budget. This meant that the various data used in this study was 
collected by different sources, at different times and frequencies. The reliance on often retrospective 
and low frequency data coupled with the lack of comprehensive measurements for inflows 
constrained the outcomes of the study. Some useful analyses were not possible including 
assessment of sulfur inputs and regression of the decline in emergent macrophyte cover and water 
quality or sediment parameters. Treatment performance analysis was further complicated by the 
wetland design, which includes three inflow points, the two smaller of which (CD and GD) enter 
relatively close to the wetland outlet. 
Accurate gauging of inflows and more frequent water quality sampling would have been required to 
accurately model the treatment performance of the wetland. As this would require a complete water 
budget, including flow event-mean concentrations and event-mean mass removal values for each of 
the three inlets. It is likely that, due to its close proximity to the wetland outlet, water quality 
parameters at the CD inlet had a strong influence on outlet concentrations on some occasions, 
despite the lower volume of inflow at this location.  To facilitate assessments treatment efficiency a 
simple model of influent and effluent load was used to apportion relative contributions from the LD 
and CD inlets, and which ignored the GD inlet. While expedient, the assumption has likely masked 
some of the hydraulic variability of the system.   
Even if a dataset was available for all the inlets, that covered a sufficient number of years both 
before and after the macrophyte loss in 2007, it may still be difficult to isolate treatment effects 
  Page | 109 
(Kadlec and Wallace 2008c). It is often not possible to guarantee the water flowing into a stormwater 
wetland is from the same origin as the water flowing out (Kadlec and Wallace 2008c, El-Shaarawi 
and Kwiatkowski 2011).  Making inferences on process changes in wetland systems is also 
problematic due to the considerable endogeneity between system parameters. Localised effects 
may often confound measurements, particularly for parameters that may be remobilised or 
transformed in different parts of a system El-Shaarawi and Kwiatkowski 2011) and variable retention 
time of event flows results in transport delay (Kadlec and Wallace 2008c, El-Shaarawi and 
Kwiatkowski 2011). Ideally, data would be drawn from a statistically representative sample of 
wetlands to which macrophytes sampling sites would be randomly assigned or obtained 
comprehensively, for example via remote sensing. As it was data was obtained from a single 
constructed wetland and so the observations of the study were un-replicated.   It is therefore 
unknown what effect omitted variables may have had on the study or if the outcomes of the study 
occurred by chance.  
Interpretations of the effect of the proposed modifications determined in the growth trial are also 
limited by a lack of true replication.   As the sampling was conducted in Spring (November) and 
Summer (January), there is a significant seasonal growth component to the results, in addition to the 
apparent increase due to the shallower enclosure. Ideally, more than one enclosure would have 
been tested for each depth treatment to increase the statistical validity of the results. However, while 
the growth trial should be seen as preliminary, the results were given somewhat greater weight here. 
There was also insufficient data with which to determine the cause of macrophyte loss. More 
comprehensive data on phytotoxin concentrations and other variables within the emergent 
macrophyte tissues or within their root zones would be required for a definitive diagnosis. The 
specific effect of these variables on plants in the wetland would have benefited from a comparison 
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with plants in other wetlands, including those that had not experienced macrophyte dieback. As 
such, while sulfide is the most likely cause of the emergent macrophyte decline, this assertion is also 
preliminary, requiring replication for further confirmation. 
Ultimately, the results of this study may not provide a reliable indication of the contribution that 
macrophytes make to a wetland’s treatment function as it is possible the emergent macrophytes 
were under stress well before 2007. A broader sample of wetland sites would have been required to 
properly test the hypothesis that the combination of inputs and design parameters of the Liege St 
Wetland led to the decline of emergent macrophytes within its basins.  
The study’s aim to determine the contribution of the specific population of macrophytes of the Liege 
St wetland to its treatment function prior to their loss was, perhaps, an overreach. To some extent, 
these limitations are inherent in the study’s investigation driven adaptive management approach. 
This approach was determined accruing to practical considerations, most notably the limited funding 
available for data collection and carrying out in situ experiments. The study was obliged to rely on 
the data available from existing sources and a limited schedule of monitoring and experimentation. 
Such restraints are common to many wetland projects arising out of a community–government 
partnership, where managers often need to make decisions based on limited information and 
deductive analysis. However, good quality data is required if inherently complex wetland systems 
are to be managed effectively. As funding and expertise at the community level is often limited, this 
will require further investment in research by government and university-based researchers to be 
successful.  
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5     Conclusion 
Design failure, where inputs are in excess of the capacity of a system to provide a desired 
ecosystem service, is a problem for urban constructed wetlands. In the urban context, space is often 
limited and contaminant inputs may be both variable and excessive. As a result, unplanned changes 
to the designed components and processes within a constructed wetland may occur. Where inputs 
are extreme, these unplanned changes may lead to a loss of treatment efficiency or other important 
functions. To some extent, this process is inevitable, with the cumulative impact of stormwater 
contaminants leading to urban constructed wetlands essentially maturing into degraded ecosystems. 
This study suggests that stormwater treatment wetlands benefit from an adaptive management 
approach through which ongoing changes can be accommodated. 
The study investigated how the initial design of the Liege St. Wetland interacted with its location in a 
catchment containing potential acid sulfate soils, high in iron and sulfur. Permanent inundation, 
ancillary inputs of organic material and sulfate-intensified sediment reduction, resulted in the decline 
of the wetland’s emergent macrophytes. The loss of emergent macrophyte cover was unplanned 
and inconsistent with the intended system design, which specified vegetated surface flow basins.  A 
design that avoided or mitigated permanent inundation would have reduced the need for 
supplementary investigation and adaptive management. However, this was not to be known prior to 
construction and, regardless, all design options would have entailed tradeoffs of some description. 
The unplanned changes that occurred within this wetland highlight that the development of large 
scale biological treatment systems in urban areas is challenging because there are potentially many 
uncontrollable factors.  Surface flow wetland designs have been successfully applied in many 
locations, without experiencing emergent macrophyte dieback (International Stormwater BMP 
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Database 2012). However, this was not the case at Liege St Wetland which was designed without 
sufficient information on the specific water chemistry of the site and its implications. Managers 
should therefore not overestimate the ability of a constructed system to cope with unexpected 
problems and ideally, must be aware of system changes before critical system components are 
degraded, as occurred here.  
The study had limited success in identifying the specific contribution that the emergent macrophytes, 
or lack of, had to the treatment function of the wetland. Despite the unplanned loss of emergent 
macrophyte cover observed, the wetland was still successful in the treatment of a range of nutrients 
and contaminants, albeit mostly during high flow rather than low flow periods as designed. While not 
specifically proven in this study, the importance of macrophytes to treatment efficiency has been well 
established. The broadscale deoxygenation of the wetland was detrimental both to its nutrient 
removal capacity and biodiversity attributes, and the reintroduction and maintenance of macrophytes 
is likely to improve the wetland’s treatment of a range of nutrient and contaminant parameters. 
Wetland biodiversity values would be further enhanced through improving water quality within the 
wetland and the establishment of emergent vegetation habitat.  
The investigation-driven adaptive management approach adopted for this study was considered 
successful. However, limitations are acknowledged. In particular, decisions were often reactive and 
the observations made lacked true replication. In this case, the recommended adjustment to 
inundation depths within the wetland may solve the problem of emergent macrophyte dieback. 
However, this adaptation may not necessarily be transferrable to other wetland sites. The outcome 
of the Liege St Wetland was a result of both design and the local contaminant inputs. It is essential 
that the design of constructed wetlands is site specific, accommodating as far as is practical, as 
many of the potential issues that may arise for a system. As this is not always easy to predict, 
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adaptive management is an appropriate approach, providing the opportunity to respond to 
unplanned changes, and as demonstrated in this study, actively test for solutions.   
Design modifications similar to those researched here were subsequently implemented at the Liege 
St. Wetland in 2011. In the future, it will be possible to confirm the effect these modifications have 
had on the growth of emergent vegetation and the treatment efficiency of the wetland.  This study 
highlights the importance of appropriately designed and implemented monitoring, and the 
understanding of ecological processes, to the management of stormwater treatment wetlands. As 
this management will invariably be limited by the availability of resources, trade-offs may be 
required, balancing expectations for performance against monitoring effort and the requirement for 
intervention. Ideally the design of constructed wetlands must be site specific, and where unplanned 
changes occur, warning signs should be acted upon, adaptively, before the performance of a system 
is significantly affected.  
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Appendix A: Summary statistics for hydrology, nutrient and contaminant 
removal  
Hydraulics 
Table 8: Summary statistics for discharge (m3/day) at the wetland outlet from May 2005 through to June 2011 
showing low and high flow periods (low flow < 2246 m3/day and high flow > 2246 m3/day). 
Statistic  Total Low Flow High Flow 
Count  1986 993 993 
Non-detects 3 3 0 
Min,  
Max (m3/day)  
0.00 0.00 2249.7 
49178.9 2244.2 49178.9 
Mean (m3/day) 5072.9 856.6 9289.3 
Upper,  
Lower 95% CI  
5232.0 876.5 9544.3 
5072.9 856.6 9289.3 
Standard Deviation (mg/L)  7089.4 626.9 8036.5 
Coefficient of Variation  1.4 0.7 0.9 
Skewness  2.6 0.4 2.0 
Median (mg/L) 2247.0 785.8 6394.9 
25th, 75th Percentiles (mg/L) 
785.9 284.2 3711.4 
6393.3 1348.1 11834.5 
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Physiochemical parameters 
Dissolved oxygen 
Table 9: Summary statistics for dissolved oxygen percent saturation (DO%) at the CD and LD inlets, Basin 6 (B6) and 
the wetland outlet, between May 2005 and June 2011 (low flow < 2246 m3/day and high flow > 2246 m3/day,  P = 
significant decrease. 
  
Statistic  
Low Flow High Flow 
CD LD B6 Outlet CD LD B6 Outlet 
Count  29 29 29 35 34 35 35 44 
Min,  
Max (%)  
0.3 7.0 2.1 1.4 1.9 33.8 3.2 1.9 
154.3 76.8 101.8 116.9 88.3 104.3 85.4 116.2 
Mean (%) 27.4 57.7 42.5 32.5 36.9 76.6 59.8 56.8 
Upper,  
Lower 95% CI  
34.5 60.3 47.1 37.2 41.7 79.3 63.5 60.2 
20.2 55.1 37.8 27.9 32.0 74.0 56.1 53.5 
Standard Deviation (%)  38.4 13.8 25.1 27.4 28.4 15.5 21.9 22.1 
Coefficient of Variation  1.4 0.2 0.6 0.8 0.8 0.2 0.4 0.4 
Skewness  2.3 -1.8 0.2 1.2 0.4 -0.7 -1.5 -0.4 
Median (%) 11.1 61.5 44.3 23.5 29.7 79.0 64.3 61.1 
25th, 75th Percentiles (%) 
5.1 51.2 25.9 13.0 11.5 68.6 53.8 46.4 
29.2 65.5 60.3 46.4 62.0 86.6 75.0 69.1 
Wilcoxon p-value  (LD / outlet) P < 0.001 P < 0.001 
Mann-Whitney p-value  (LD / outlet) P <0.02 P <0.02 
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Conductivity 
Table 10: Summary statistics for conductivity (µs/cm) at the CD and LD inlets, Basin 6 and the wetland outlet, 
between May 2005 and June 2011 (low flow < 2246 m3/day and high flow > 2246 m3/day). 
  
Statistic  
Low Flow High Flow 
CD LD B6 Outlet CD LD B6 Outlet 
Count  29 29 29 34 35 36 36 45 
Min, Max (µs/cm)  
1 822 690 120 80 275 241 227 
3560 1386 1500 28300 2200 1303 1353 1381 
Mean (µs/cm) 1763 1165 1164 3244 770 884 853 878 
Upper, Lower 95% CI (µs/cm) 
1935 1188 1199 4421 880 936 909 928 
1591 1142 1130 2066 659 831 797 829 
Standard Deviation (µs/cm)  926 125 184 6866 653 315 334 332 
Coefficient of Variation  0.5 0.1 0.2 2.1 0.8 0.4 0.4 0.4 
Skewness  0.1 -0.5 -0.9 3.1 0.8 -0.4 -0.2 -0.3 
Median (µs/cm) 1830 1164 1186 1230 602 936 809 995 
25th, 75th Percentiles (µs/cm) 
1263 1090 1101 1136 208 602 601 560 
2280 1221 1273 1365 1217 1162 1153 1135 
Wilcoxon p-value  (LD/outlet) P > 0.2 P > 0.2 
Mann-Whitney p-value  (LD/outlet) P > 0.1 P > 0.1 
 
pH 
Table 11: Summary statistics for pH at the CD and LD inlets, Basin 6 and the wetland outlet, between May 2005 and 
June 2011 (low flow < 2246 m3/day and high flow > 2246 m3/day,  P = significant decrease). 
  
Statistic  
Low Flow High Flow 
CD LD B6 Outlet CD LD B6 Outlet 
Count  29 29 29 35 35 36 36 45 
Min, Max (µs/cm)  
6.7 7.2 6.8 6.8 6.2 7.0 6.7 6.5 
8.4 8.3 9.1 8.6 7.9 8.2 7.9 8.0 
Mean (µs/cm) 7.4 7.8 7.7 7.4 7.0 7.5 7.4 7.3 
Upper, Lower 95% CI (µs/cm) 
7.4 7.8 7.8 7.4 7.1 7.6 7.5 7.3 
7.3 7.7 7.6 7.3 7.0 7.5 7.3 7.2 
Standard Deviation (µs/cm)  0.4 0.2 0.6 0.4 0.4 0.3 0.3 0.3 
Coefficient of Variation  0.1 0.0 0.1 0.1 0.1 0.0 0.0 0.0 
Skewness  0.7 -0.2 0.6 0.8 -0.1 0.1 -0.4 -0.2 
Median (µs/cm) 7.2 7.8 7.7 7.3 7.1 7.5 7.5 7.3 
25th, 75th Percentiles (µs/cm) 
7.1 7.6 7.4 7.0 6.7 7.3 7.2 7.0 
7.6 7.9 8.0 7.6 7.3 7.7 7.6 7.5 
Wilcoxon p-value  (LD/outlet) P < 0.001 P < 0.001 
Mann-Whitney p-value  (LD/outlet) P < 0.02 P < 0.02 
  Page | 124 
Nutrients 
Total nitrogen 
Table 12: Summary statistics for total nitrogen (TN) at the CD and LD inlets, Basin 6 and the wetland outlet, between 
May 2005 and June 2011 (low flow < 2246 m3/day and high flow > 2246 m3/day,  P = significant decrease). 
  
Statistic  
Low Flow High Flow 
CD LD B6 Outlet CD LD B6 Outlet 
Count  25 25 30 25 38 39 39 39 
Min, Max (mg/L)  
0.7 1.1 1.1 1.0 0.1 0.8 0.6 0.3 
11.0 2.0 2.8 3.0 4.2 4.2 4.2 3.4 
Mean (mg/L) 2.6 1.5 1.5 1.6 1.1 2.1 1.9 1.6 
Upper, Lower 95% CI (mg/L) 
3.0 1.5 1.6 1.7 1.2 2.3 2.1 1.7 
2.6 1.5 1.5 1.6 1.1 2.1 1.9 1.6 
Standard Deviation (mg/L) 2.2 0.2 0.5 0.6 0.8 0.9 0.9 0.8 
Coefficient of Variation  0.9 0.2 0.3 0.4 0.8 0.4 0.5 0.5 
Skewness  2.8 0.6 1.7 1.2 2.1 0.7 0.8 0.9 
Median (mg/L) 2.0 1.4 1.4 1.4 0.9 2.0 1.8 1.3 
25th, 75th Percentiles (mg/L) 
1.4 1.3 1.2 1.2 0.5 1.5 1.3 1.1 
2.7 1.6 1.7 1.8 1.1 2.7 2.4 1.9 
Wilcoxon p-value  (LD/outlet) P > 0.2 P < 0.001  
Mann-Whitney p-value  (LD/outlet) P > 0.1 P < 0.02 
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Oxidised nitrogen 
Table 13: Summary statistics for oxidised nitrogen (NOx) at the CD and LD inlets, Basin 6 and the wetland outlet, 
between May 2005 and June 2011 (low flow < 2246 m3/day and high flow > 2246 m3/day, P = significant decrease). 
  
Statistic  
Low Flow High Flow 
CD LD B6 Outlet CD LD B6 Outlet 
Count  25 25 30 25 38 39 39 39 
Min, Max (mg/L)  
0.01 0.12 0.01 0.01 0.01 0.03 0.01 0.01 
0.12 0.93 0.71 0.42 0.45 2.70 2.70 2.50 
Mean (mg/L) 0.03 0.33 0.10 0.04 0.09 1.06 0.93 0.71 
Upper, Lower 95% CI (mg/L) 
0.03 0.36 0.13 0.06 0.10 1.18 1.05 0.83 
0.03 0.33 0.10 0.04 0.09 1.06 0.93 0.71 
Standard Deviation (mg/L) 0.03 0.19 0.16 0.08 0.08 0.75 0.74 0.69 
Coefficient of Variation  1.1 0.6 1.6 1.9 0.9 0.7 0.8 1.0 
Skewness  2.4 1.5 2.4 4.3 2.5 0.7 0.7 1.1 
Median (mg/L) 0.014 0.290 0.018 0.014 0.076 0.740 0.670 0.450 
25th, 75th Percentiles (mg/L) 
0.010 0.190 0.010 0.010 0.040 0.470 0.355 0.160 
0.023 0.400 0.077 0.035 0.118 1.650 1.550 1.100 
Wilcoxon p-value  (LD/outlet) P < 0.001  P < 0.001  
Mann-Whitney p-value  (LD/outlet) P < 0.02 P < 0.02 
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Ammonia / ammonium nitrogen 
Table 14: Summary statistics for ammonia / ammonium (NH3/NH4+) at the CD and LD inlets, Basin 6 and the wetland 
outlet, between May 2005 and June 2011 (low flow < 2246 m3/day and high flow > 2246 m3/day, P = significant 
increase). 
  
Statistic  
Low Flow High Flow 
CD LD B6 Outlet CD LD B6 Outlet 
Count  25 25 30 25 38 39 39 39 
Min, Max (mg/L)  
0.010 0.027 0.010 0.010 0.010 0.010 0.010 0.010 
8.000 0.330 0.560 1.200 0.790 0.160 0.190 0.410 
Mean (mg/L) 0.985 0.117 0.137 0.279 0.180 0.055 0.066 0.085 
Upper, Lower 95% CI (mg/L) 
1.323 0.133 0.168 0.349 0.208 0.061 0.073 0.097 
0.985 0.117 0.137 0.279 0.180 0.055 0.066 0.085 
Standard Deviation (mg/L) 1.691 0.082 0.168 0.354 0.171 0.038 0.042 0.077 
Coefficient of Variation  1.7 0.7 1.2 1.3 1.0 0.7 0.6 0.9 
Skewness  3.4 1.3 1.3 1.4 1.7 0.9 1.1 2.3 
Median (mg/L) 0.400 0.082 0.042 0.110 0.135 0.050 0.061 0.066 
25th, 75th Percentiles (mg/L) 
0.180 0.063 0.021 0.027 0.069 0.024 0.035 0.033 
0.990 0.180 0.188 0.460 0.253 0.075 0.082 0.110 
Wilcoxon p-value  (LD/outlet) P > 0.1 P < 0.01 
Mann-Whitney p-value  (LD/outlet) P > 0.1 P > 0.05 
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Total Phosphorus 
Table 15: Summary statistics for total phosphorus (TP) at the CD and LD inlets, Basin 6 and the wetland outlet, 
between May 2005 and June 2011 (low flow < 2246 m3/day and high flow > 2246 m3/day, P = significant decrease). 
  
Statistic  
Low Flow High Flow 
CD LD B6 Outlet CD LD B6 Outlet 
Count  25 25 30 25 38 39 39 39 
Min, Max (mg/L)  
0.067 0.081 0.086 0.087 0.010 0.084 0.075 0.052 
9.100 0.960 0.880 0.780 0.430 1.400 1.100 0.800 
Mean (mg/L) 0.683 0.401 0.369 0.321 0.112 0.267 0.236 0.188 
Upper, Lower 95% CI (mg/L) 
1.037 0.453 0.405 0.360 0.129 0.306 0.269 0.215 
0.683 0.401 0.369 0.321 0.112 0.267 0.236 0.188 
Standard Deviation (mg/L) 1.770 0.263 0.200 0.193 0.102 0.247 0.207 0.166 
Coefficient of Variation  2.6 0.7 0.5 0.6 0.9 0.9 0.9 0.9 
Skewness  4.9 0.6 0.8 0.8 1.8 3.5 2.9 2.5 
Median (mg/L) 0.290 0.370 0.350 0.250 0.074 0.210 0.190 0.140 
25th, 75th Percentiles (mg/L) 
0.200 0.150 0.213 0.160 0.052 0.155 0.140 0.092 
0.390 0.490 0.500 0.450 0.118 0.260 0.240 0.185 
Wilcoxon p-value  (LD/outlet) 0.05 < P < 0.10 P < 0.001 
Mann-Whitney p-value  (LD/outlet) P > 0.1 P < 0.02 
Filterable reactive phosphorus 
Table 16: Summary statistics for filterable reactive phosphorus (FRP) at the CD and LD inlets, Basin 6 and the 
wetland outlet, between May 2005 and June 2011 (low flow < 2246 m3/day and high flow > 2246 m3/day, P = 
significant decrease). 
  
Statistic  
Low Flow High Flow 
CD LD B6 Outlet CD LD B6 Outlet 
Count  25 25 30 25 38 39 39 39 
Min, Max (mg/L)  
0.067 0.081 0.086 0.087 0.010 0.084 0.075 0.052 
9.100 0.960 0.880 0.780 0.430 1.400 1.100 0.800 
Mean (mg/L) 0.683 0.401 0.369 0.321 0.112 0.267 0.236 0.188 
Upper, Lower 95% CI (mg/L) 
1.037 0.453 0.405 0.360 0.129 0.306 0.269 0.215 
0.683 0.401 0.369 0.321 0.112 0.267 0.236 0.188 
Standard Deviation (mg/L) 1.770 0.263 0.200 0.193 0.102 0.247 0.207 0.166 
Coefficient of Variation  2.6 0.7 0.5 0.6 0.9 0.9 0.9 0.9 
Skewness  4.9 0.6 0.8 0.8 1.8 3.5 2.9 2.5 
Median (mg/L) 0.290 0.370 0.350 0.250 0.074 0.210 0.190 0.140 
25th, 75th Percentiles (mg/L) 
0.200 0.150 0.213 0.160 0.052 0.155 0.140 0.092 
0.390 0.490 0.500 0.450 0.118 0.260 0.240 0.185 
Wilcoxon p-value  (LD/outlet) 0.05 < P < 0.10 P < 0.001 
Mann-Whitney p-value  (LD/outlet) P > 0.1 P < 0.02 
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Organic material and suspended solids 
Biological Oxygen Demand 
Table 17: Summary statistics for biological oxygen demand (BOD5) at the CD and LD inlets, Basin 6 and the wetland 
outlet, between May 2005 and June 2011 (low flow < 2246 m3/day and high flow > 2246 m3/day). 
  
Statistic  
Low Flow High Flow 
CD LD B6 Outlet CD LD B6 Outlet 
Count  20 14 4 14 25 10 - 9 
Min, Max (mg/L)  
5.0 5.0 5.0 5.0 3.0 5.0 - 5.0 
28.0 5.0 6.0 13.0 60.0 10.0 - 15.0 
Mean (mg/L) 10.8 5.0 5.3 6.6 12.4 5.5 - 6.1 
Upper, Lower 95% CI (mg/L) 
12.2 5.0 5.5 7.4 15.7 6.0 - 7.2 
10.8 5.0 5.3 6.6 12.4 5.5 - 6.1 
Standard Deviation (mg/L) 6.6 0.0 0.5 2.8 16.3 1.6 - 3.3 
Coefficient of Variation  0.6 0.0 0.1 0.4 1.3 0.3 - 0.5 
Skewness  1.2 - 2.0 1.3 2.3 3.2 - 3.0 
Median (mg/L) 9.0 5.0 5.0 5.0 5.0 5.0 - 5.0 
25th, 75th Percentiles (mg/L) 
5.0 5.0 5.0 5.0 5.0 5.0 - 5.0 
15.0 5.0 5.3 8.8 10.0 5.0 - 5.0 
Wilcoxon p-value  (LD/outlet) P > 0.2 P > 0.2 
Mann-Whitney p-value  (LD/outlet) P > 0.1 P > 0.1 
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Dissolved Organic Carbon 
Table 18: Summary statistics for dissolved organic carbon (DOC) at the CD and LD inlets, Basin 6 and the wetland 
outlet, between May 2005 and June 2011 (low flow < 2246 m3/day and high flow > 2246 m3/day). 
  
Statistic  
Low Flow High Flow 
CD LD B6 Outlet CD LD B6 Outlet 
Count  17 17 20 17 20 21 21 21 
Min, Max (mg/L)  
6.0 15.0 14.0 13.0 1.0 3.0 1.0 4.0 
37.0 29.0 31.0 36.0 51.0 34.0 41.0 39.0 
Mean (mg/L) 17.4 20.4 22.4 21.6 10.0 16.2 16.4 15.0 
Upper, Lower 95% CI (mg/L) 
19.8 21.4 23.6 23.3 12.8 18.0 18.5 16.8 
17.4 20.4 22.4 21.6 10.0 16.2 16.4 15.0 
Standard Deviation (mg/L) 10.0 4.2 5.4 6.9 12.2 7.9 9.6 8.3 
Coefficient of Variation  0.6 0.2 0.2 0.3 1.2 0.5 0.6 0.6 
Skewness  0.7 0.6 0.1 0.7 2.4 0.5 0.8 1.2 
Median (mg/L) 14.0 20.0 22.0 20.0 5.0 15.0 16.0 13.0 
25th, 75th Percentiles (mg/L) 
8.0 17.0 17.8 17.0 3.8 9.0 9.0 8.0 
24.0 24.0 27.0 25.0 13.5 23.0 22.0 20.0 
Wilcoxon p-value  (LD/outlet) P > 0.2 0.05 < P < 0.10 
Mann-Whitney p-value  (LD/outlet) P > 0.1 P > 0.1 
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Total suspended solids 
Table 19: Summary statistics for total suspended solids (TSS) at the CD and LD inlets, Basin 6 and the wetland 
outlet, between May 2005 and June 2011 (low flow < 2246 m3/day and high flow > 2246 m3/day, P = significant 
decrease). 
  
Statistic  
Low Flow High Flow 
CD LD B6 Outlet CD LD B6 Outlet 
Count  19 19 22 19 24 25 25 25 
Min, Max (mg/L)  
1.0 1.0 2.0 1.0 1.0 2.0 2.0 1.0 
37.0 19.0 136.0 22.0 18.0 40.0 38.0 14.0 
Mean (mg/L) 14.2 6.1 19.8 5.7 6.6 13.2 8.0 5.1 
Upper, Lower 95% CI (mg/L) 
16.9 7.2 26.0 6.7 7.6 14.9 9.4 5.7 
14.2 6.1 19.8 5.7 6.6 13.2 8.0 5.1 
Standard Deviation (mg/L) 12.1 4.8 29.3 4.6 4.8 8.6 7.2 3.3 
Coefficient of Variation  0.9 0.8 1.5 0.8 0.7 0.7 0.9 0.7 
Skewness  0.9 1.2 3.4 2.7 1.2 1.1 3.2 1.0 
Median (mg/L) 10.0 5.0 12.0 5.0 5.5 13.0 7.0 5.0 
25th, 75th Percentiles (mg/L) 
5.5 2.5 6.0 3.0 3.0 6.0 5.0 2.0 
18.5 8.5 17.8 6.0 7.2 18.0 9.0 6.8 
Wilcoxon p-value  (LD/outlet) P > 0.2 P < 0.001 
Mann-Whitney p-value  (LD/outlet) P > 0.01 P < 0.02 
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Metals 
Aluminium 
Table 20: Summary statistics for aluminium (Al) at the CD and LD inlets, Basin 6 and the wetland outlet, between 
May 2005 and June 2011 (low flow < 2246 m3/day and high flow > 2246 m3/day). 
  
Statistic  
Low Flow High Flow 
CD LD B6 Outlet CD LD B6 Outlet 
Count  14 14 17 14 15 15 17 15 
Min, Max (mg/L)  
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.08 0.14 1.40 0.25 0.18 0.51 0.66 0.51 
Mean (mg/L) 0.03 0.05 0.23 0.05 0.05 0.16 0.15 0.13 
Upper, Lower 95% CI (mg/L) 
0.03 0.06 0.32 0.06 0.06 0.20 0.19 0.16 
0.03 0.05 0.23 0.05 0.05 0.16 0.15 0.13 
Standard Deviation (mg/L) 0.03 0.05 0.40 0.06 0.06 0.17 0.18 0.15 
Coefficient of Variation  1.0 1.0 1.7 1.4 1.1 1.1 1.2 1.2 
Skewness  0.8 0.9 2.5 2.7 1.0 0.9 1.8 1.4 
Median (mg/L) 0.03 0.04 0.10 0.03 0.03 0.13 0.13 0.10 
25th, 75th Percentiles (mg/L) 
0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
0.04 0.06 0.16 0.06 0.09 0.25 0.18 0.20 
Wilcoxon p-value  (LD/outlet) P > 0.2 P > 0.2 
Mann-Whitney p-value  (LD/outlet) P > 0.1 P > 0.1 
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Arsenic 
Table 21: Summary statistics for arsenic (As) at the CD and LD inlets, Basin 6 and the wetland outlet, between May 
2005 and June 2011 (low flow < 2246 m3/day and high flow > 2246 m3/day,  P = significant decrease). 
  
Statistic  
Low Flow High Flow 
CD LD B6 Outlet CD LD B6 Outlet 
Count  8 8 10 8 9 9 9 9 
Min, Max (mg/L)  
0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 
1.000 2.300 1.600 1.000 0.002 0.003 0.002 0.002 
Mean (mg/L) 0.126 0.289 0.162 0.127 0.001 0.002 0.002 0.002 
Upper, Lower 95% CI (mg/L) 
0.251 0.577 0.322 0.252 0.001 0.002 0.002 0.002 
0.126 0.289 0.162 0.127 0.001 0.002 0.002 0.002 
Standard Deviation (mg/L) 0.353 0.812 0.505 0.353 0.000 0.001 0.000 0.000 
Coefficient of Variation  2.8 2.8 3.1 2.8 0.3 0.3 0.3 0.3 
Skewness  2.8 2.8 3.2 2.8 3.0 0.2 -1.3 -1.1 
Median (mg/L) 0.001 0.003 0.002 0.002 0.001 0.002 0.002 0.002 
25th, 75th Percentiles (mg/L) 
0.001 0.002 0.002 0.002 0.001 0.002 0.002 0.001 
0.001 0.003 0.003 0.003 0.001 0.002 0.002 0.002 
Wilcoxon p-value  (LD/outlet) P > 0.2 P < 0.001 
Mann-Whitney p-value  (LD/outlet) P > 0.1 P > 0.1 
 
Chromium 
Table 22: Summary statistics for chromium (Cr) at the CD and LD inlets, Basin 6 and the wetland outlet, between 
May 2005 and June 2011 (low flow < 2246 m3/day and high flow > 2246 m3/day). 
  
Statistic  
Low Flow High Flow 
CD LD B6 Outlet CD LD B6 Outlet 
Count  9 9 12 9 9 9 11 9 
Min, Max (mg/L)  
0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 
0.001 0.001 0.003 0.001 0.003 0.003 0.002 0.002 
Mean (mg/L) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 
Upper, Lower 95% CI (mg/L) 
0.001 0.001 0.001 0.001 0.001 0.002 0.002 0.001 
0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 
Standard Deviation (mg/L) 0.000 0.000 0.001 0.000 0.001 0.001 0.001 0.000 
Coefficient of Variation  0.0 0.0 0.5 0.0 0.5 0.5 0.4 0.3 
Skewness  - - 2.6 - 3.0 1.5 0.7 3.0 
Median (mg/L) 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 
25th, 75th Percentiles (mg/L) 
0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 
0.001 0.001 0.001 0.001 0.001 0.002 0.002 0.001 
Wilcoxon p-value  (LD/outlet) P > 0.2 P > 0.2 
Mann-Whitney p-value  (LD/outlet) P > 0.1 P > 0.1 
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Copper 
Table 23: Summary statistics for copper (Cu) at the CD and LD inlets, Basin 6 and the wetland outlet, between May 
2005 and June 2011 (low flow < 2246 m3/day and high flow > 2246 m3/day,  P = significant decrease). 
  
Statistic  
Low Flow High Flow 
CD LD B6 Outlet CD LD B6 Outlet 
Count  9 9 12 9 9 9 11 9 
Min, Max (mg/L)  
0.001 0.001 0.001 0.001 0.002 0.002 0.002 0.001 
0.018 0.006 0.009 0.003 0.020 0.009 0.007 0.004 
Mean (mg/L) 0.007 0.003 0.003 0.002 0.007 0.005 0.004 0.003 
Upper, Lower 95% CI (mg/L) 
0.010 0.003 0.004 0.002 0.008 0.006 0.004 0.003 
0.007 0.003 0.003 0.002 0.007 0.005 0.004 0.003 
Standard Deviation (mg/L) 0.006 0.002 0.003 0.001 0.005 0.002 0.001 0.001 
Coefficient of Variation  0.9 0.6 0.9 0.5 0.8 0.4 0.4 0.3 
Skewness  0.8 1.1 1.2 0.6 2.2 0.6 1.4 -0.9 
Median (mg/L) 0.005 0.002 0.002 0.002 0.006 0.004 0.004 0.003 
25th, 75th Percentiles (mg/L) 
0.002 0.002 0.001 0.001 0.003 0.004 0.003 0.003 
0.012 0.003 0.005 0.002 0.007 0.006 0.004 0.003 
Wilcoxon p-value  (LD/outlet) P > 0.1 P < 0.001 
Mann-Whitney p-value  (LD/outlet) P > 0.1 P < 0.02 
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Iron 
Table 24: Summary statistics for iron (Fe) at the CD and LD inlets, Basin 6 and the wetland outlet, between May 2005 
and June 2011 (low flow < 2246 m3/day and high flow > 2246 m3/day). 
  
Statistic  
Low Flow High Flow 
CD LD B6 Outlet CD LD B6 Outlet 
Count  6 6 9 6 8 8 10 8 
Min, Max (mg/L)  
0.200 0.220 0.240 0.360 0.230 0.450 0.380 0.170 
0.710 0.710 2.600 1.100 1.300 1.100 0.960 0.870 
Mean (mg/L) 0.433 0.465 0.866 0.692 0.743 0.738 0.568 0.578 
Upper, Lower 95% CI (mg/L) 
0.519 0.537 1.142 0.812 0.886 0.831 0.627 0.662 
0.433 0.465 0.866 0.692 0.743 0.738 0.568 0.578 
Standard Deviation (mg/L) 0.210 0.176 0.829 0.296 0.405 0.266 0.186 0.239 
Coefficient of Variation  0.5 0.4 1.0 0.4 0.5 0.4 0.3 0.4 
Skewness  0.1 -0.1 1.6 0.3 0.3 0.3 1.1 -0.4 
Median (mg/L) 0.435 0.480 0.470 0.640 0.600 0.755 0.520 0.570 
25th, 75th Percentiles (mg/L) 
0.253 0.355 0.350 0.475 0.458 0.475 0.428 0.445 
0.580 0.560 0.910 0.903 1.125 0.875 0.660 0.775 
Wilcoxon p-value  (LD/outlet) P > 0.2 P > 0.2 
Mann-Whitney p-value  (LD/outlet) P > 0.1 P > 0.1 
 
Zinc 
Table 25: Summary statistics for zinc (Zn) at the CD and LD inlets, Basin 6 and the wetland outlet, between May 
2005 and June 2011 (low flow < 2246 m3/day and high flow > 2246 m3/day,  P = significant decrease). 
  
Statistic  
Low Flow High Flow 
CD LD B6 Outlet CD LD B6 Outlet 
Count  9 9 12 9 11 10 11 11 
Min, Max (mg/L)  
0.013 0.006 0.008 0.004 0.060 0.016 0.013 0.012 
0.150 0.048 0.150 0.350 0.900 0.180 0.140 0.096 
Mean (mg/L) 0.047 0.018 0.043 0.068 0.244 0.077 0.060 0.049 
Upper, Lower 95% CI (mg/L) 
0.061 0.023 0.057 0.109 0.314 0.093 0.072 0.057 
0.047 0.018 0.043 0.068 0.244 0.077 0.060 0.049 
Standard Deviation (mg/L) 0.043 0.013 0.048 0.124 0.232 0.053 0.041 0.027 
Coefficient of Variation  0.9 0.7 1.1 1.8 1.0 0.7 0.7 0.6 
Skewness  2.0 1.7 1.5 2.0 2.6 0.9 0.8 0.5 
Median (mg/L) 0.037 0.016 0.020 0.009 0.190 0.060 0.051 0.035 
25th, 75th Percentiles (mg/L) 
0.019 0.010 0.013 0.007 0.105 0.036 0.028 0.031 
0.056 0.018 0.046 0.017 0.245 0.105 0.090 0.075 
Wilcoxon p-value  (LD/outlet) P > 0.2 P < 0.05 
Mann-Whitney p-value  (LD/outlet) P > 0.1 P > 0.1 
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